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i .  SIPI.  IXOY 
In  order  to  obtain  an  impression  of  the  factors  which  are 
significunt  in  the  process  of  desalination  by  I'leverse  0--mosis, 
a  series  of  ALT  C  60  po*thylene-polystyrene  sulphonic  acid  membranes 
with  varying  water  contonts  and  co-ion  capacities  were  Prepared 
by  a  heat  treatment  process.  Amongst  this  series  aC  60  Normal 
and  Expanded  membrane  were  found  to  be  similar  to  the  membranes 
investiCated  by  earlier  workers.  In  this  earlier  study,  using 
an  irreversible  thermodynamic  approach,  the  phenomAnological 
coefficients  which  define  the  membrane  transport  processes  vere 
obtained  under  isothermal  and  isobaric  conditions.  Using  these 
original  phe-nominological  coefficients  a  calculation  Y.  ss  evolved 
in  this  study  could  be  used  to  -redict  the  pressure  induced 
transport  properties  of  the  two,  C  60  membranes.  These  predicted 
Reverse  Osmosis  characteristics  and  those  measured  closely  agreed. 
This  calculation  can  therefore  be  uzed  to  predict  these  properties 
for  any  membrane  --y--tem  for  which  the  appropriate  data  exists  and 
could  thus  be  usefully  used  in  a  preliminary  survey  of  Reverse 
Osmosis  characteriotics.  Hovevers  since  a  complete  irreversible 
thermodynamic  analysis  is  a  lengthy  process,  the  use  of'  the 
predictive  calculation  is  restricted.  This  restriction  might  betto 
a  degreelovercome  if  an  alternative  method  of  obtaining  phenomtnological 
coefficients  could  be  obtained.  One  means  of  doin5,  -  this  would  be 
to.  find  an  accurate  and  accessible  &nalogue  system. 
Results  from  otpher  work  cn  the  C  60  membrane  sucgestea  that 
the  polystyrene--ulphonate  catrix  has  similar  kinetic  characteristics 
to  chloride  ion  in  aqueous  solution.  Indeed,  the  measured  transport 
properties  of  the  membrane,  once  corrected  for  tortuosityl  were 
4  similar  to  those  of  a  simple  bim;  try  chloricle  solution, 
In/ In  this  study  it  i-f-'Proposed  that  the  C  60  membrane  is 
modelled  by  an  equimolal  electrolyte  solution  where  co-ions 
of  two  types  are  precent,  one  of  which  is  fixad  relative  to 
the  membrane  matrix.  The  relationship  of  these  two  species  is 
10 
taken  to  be  that  between  chemically  identical,  but  physically 
distinguishable  isotopes. 
Thus,  by  adapting  the  phenomtnological  coefficients  of  a 
simple  binary  solution  to  apj;  ly  to  a  termry  solution  of  the  same 
electrolyte  containine;  the  isotol-lic  co-ion  speciesp  a  precise 
definition  of  the  phenomonologic--l  coefficients  of  the  model 
can  be  expressed. 
Once  the  tortucsity  oý  the  membrane  matrix  was  aoco=ted  for 
by  a  suitable  scalin-  factor,  phencm6nolo-rical  coefficients,  Q 
which  represented  an  experimental  membranes  were  obtained.  This 
salt  model  calculation  (SX-C-)  also  provided  transport  numbers 
and  specific  conduct  -ivities  for  various  ionic  forms.  The 
phenomtnolcgicLl  coefficients  obtained  were  in  good  agreement  with 
the  experimental  values  as  were  the  transport  numbers  of  several 
of  the  different  ionic  forms. 
The  phenominological  coefficients  from  the  S.  M.  C.  -were  used  to 
predict  the  Reverse  Osmosis  characteristics  of  the  two  C  60  zembranes 
and  tha  success  they  achieved  increased  the  application  of  the, 
predictive  Reverse  Osmosis  calculation. 
The  application  of  the  Salt  Model  Calculation  is,  however, 
restricted  since  it  would  undoubtedly  not  be  applicable  to  every 
membrane  system  since  a  model  sal-,  w  system  would  have  to  be  found 
for  each  membrane  and  the  complete  irreversible  thermodynamic  data 
would  be  required  for  the  binary  salt.  Therefore,  by  investigatinG 
the  range  of  C  me"branes  and  also  a  raae  0  60  of  U-170  Per-f 
Awo 
sul§onic/ sulphonic  acid  membranesq  an  impression  of  those  membrane 
properties  which  affect  the  reverse  ocmosis  characteristics  was 
obtained  and  comparison  made  with  other  more  commercially  viable 
Reverse  0--mosis  membranes.  The  results  indicate  that  a  thin-film 
ion  exchange  membranes  miL;  ht  be  very  successful  in  the  field  of 
Reverse  02mosis  zince  they  might  be  sculptured  to  meet  a  particular 
requirement.  They  certMinly  vould  p.  -ovide  Cood  desalination  and  a 
high  -water  flux. 
The  application  of  pressure  across  a  membrane  which  is  permeselective 
to  one  ion  sets  up  a  membrane  pressure  potential,  -  one  of  the  consti-Ituan-Is 
of  which  is  the  membrane  streaminS  potential.  This  phenomenon  is 
scmewhat  ambiguously  referred  to  in  the  literature  and  a  short 
review  is  given  in  this  study. 
Usiný;  a  ir=ever-sible  thermodyn-mic  approach,  an  equation  was 
tential  and  each  derived  which  defin:  --d  the  membrane  pressure  pot 
individual  contributionto  it.  This  equation  separates  the  membrane 
pressure  potential  into  contributions  from  the  volume  change  of  the 
electrodes,  the  difference  in  the  activity  coefficients  ol'  vater 
and  sLlt  resp3ctively  and.  the  streamin,  3  potential. 
It  was  perhaps  the  most  challen---in,:;  part  of  this  work  to  QP 
design  and  construct  apparý;  -#,  us  ul;  on  which  the  Membrane  prescure  and 
streamini;  potentiLls  could  be  me-,  sured.  These  were  subceýLuently 
compared  with  those  determined  theoretically  and  the  agreement,  was 
found  to  be  excellent. CITULPTIR  1 
-MITRODUCTIOIT 
AYD 
ABIS 1. 
1.0  INTRODUCTION  AND  AILS 
Ion  exchange  membranes  are  usually  considered  to  be 
insoluble  liquids  or  solids  which  carry  exchangeable  ions. 
If  an  ion  exchange  membrane  is  allowod  to  come  to  equilibrium 
with  a,  solution  of  a  single  electrolyte,  four  separate  species 
may  be  distinguished  in  the  membrane  phase.  These  are, 
counter-ion)  co-ion,  solvent  (usually  water)  and  the  fixed 
charge  including  matrix.  Counter-ions  have  opposite  signs  to  the 
fixed  charges  and  co-ional  and,  depending  on  the  sign  of  the 
fixed  charges,  the  membrane  may  be  either  a  cation  (  negative  fixed 
charge)  or  an  anion  (positive  fixed  charge)  exchanser. 
7n  the  early  1950's  synthetic  ion  exchange  membranes  which 
were  relatively  thin  and  mechanically  strong  were  first  produced. 
This  coincided  with  the  work  of  C.  E.  Reid  and  co-workers,  on 
cellulose  acetate  membranes,  in  which  the  =everse-osmcsis  process 
of  this  membrane  was  sho,.  %n  to  be  viable  alternFtive  to  desalirrition 
by  distillation.  These  two  advances  stimulated  much  of  the 
present  day  research  into  membrane  processes, 
6 
The  reverse-osmosis  separation  process  is  one  of  the  most 
important  fields  of  present  &.  y  research.  The  term  lozmosis' 
is  familiarly  used  to  describe  the  srontLneous  flow  of  vrater 
from  a  less  to  a  more  concentrated  aqueous  solutionj  when  separated 
by  a  suitable  semi-permeable  membrane.  If,  by  application  of 
pressure  to  the  concentrated  solution,  the  osmotic  flow  is  reversed 
and  pore  solvent  lasses  frcm  the  concentrated  solutiong  through  the 
membrane  into  the  solvent  phase,  then  a  process  of  desalination 
is  tal-,  ing  place.  This  is  called  'reverse-osmosis'.  The  terms 
"hyperfiltration"  and  "ultra-filtration"  are  often  used  as 
equivalent/ 2. 
equivalent  descriptions  of  this  process,  although  ultra-filtration 
is  now  used  more  to  describe  the  removal  of  large  organic  molecules 
by  the  reverse  osmosis  process. 
When  pressure  is  applied  to  the  solution  maintained  on  one  side 
of  a  membraneý  both  salt  and  water  are  driven  through  the  membrane. 
The  emerging  salt  solution  will  be  desalinated  if  the  permeability 
of  the  membrane  for  viater  greatly  exceeds  that  of  salt.  This 
situation  is  obtained  for  charged  membranes  because  of  Donrian 
exclusion  of  salt.  If  the  Donnan  exclusion  is  complete,  no  co-ions 
exist  in  the  membrane  phase,  consequently  the  membrane  is  ideally 
semi-perrjeable  for  water  and  complete  rejection  of  salt  will  occur. 
In  real  membranes,  however,  co-ion  uptake  does  occur,  although  it  is 
, 
generally  small.  For  example,  for  some  of  the  experimental  membranes 
in  this  study  the  ratio  of  co-ions  to  counter-ions  in  the  membrane  is 
approximately 
1  Neverthelessq  under  pressure  of  UP  to  ls500 
500 
lbs.  in72  the  sal-trejection  never  exceeds  851%.  It  isq  thereforet 
not  purely  the  equilibra  between  membrane  and  solution  which 
determines  membrane  performances,  thusy  other  membrane  properties 
must  be  considered.  Subsequentlyq  one  of  the  main  topics  for 
discussion  in  this  thesis  is  the  relationship  betimen  flows, 
applied  forces  and  ionic  concentration,  in  a  series  of  membranes  and 
how  these  combine  to  explain  the  experimentally  observed  reverse- 
osuosis  characteristics  of  water  fluxand  rejection. 
In  order  to  investigate  these  relations  a  series  of  membranes 
with  varying  water  contents  and  fixed  charge  capacities  were  required. 
This  was  accomplished  by  expanding  the  basic  A.  M.  P.  C  60 
polyethylene/polystyrene  sulphonic  acid  membraneý  to  different  degrees 
by  a  heat  treatment  proce  This  has  the  effect  of  considerably 
increasine/ 3. 
increasing  the  water  content  of  this  membrane.  Since  the  fixed 
charge  capacity  of  the  A.  M.  F.  C  60  membrane  (per  unit  weight  of  dry 
polymer)  is  constant,  the  increasing  water  content  mcans  that  the 
internal  molality  of  these  membranes  decreased  vdth  expansion. 
As  the  polymer  remains  constantý  but  the  geometric  distribution 
changes,  the  series  of  C,,  membranes  presents  an  ideal  system  for  'he 
OU 
study  of  the  effects  of  water  content  and  capacity  on  reverse-osmosis 
characteristics.  In  addition,  a  new  membrane  from  Dupont  was 
I  investigated.  This  was  the  XR-1  . 70  perfl4o  sulphonic  acid  cation 
exchanger.  In.  the  series  investigated  the  fixed  charge  capacity 
(per  unit  v.,  eight  of  dry  polymer)  varied.  These  membranes  thus 
presented  a  series  of  dMering  -water  contents  and  internal  molalities, 
allowing  comparison  between  the  two  mmbrane  types.  Although  both 
the  C  C) 
60  and  XR  membranes  have  fixed  sulphonate  groups,  the  flVtnated 
hydrocarbon  matrix  of  the  )M-170  membranes  might  be  expected  to  affect 
the  electron  density  of  the  sulphorz-.  -wIe  group  and  thus  the  mobility  0 
of  the  water  and  ion  will  be  different  in  these  membranes. 
e  In  an  ion  exchange  membraneq  due  to  perrkelectivity  for  one  iony 
tho  mobility  of  the  counter-ion  is  g.  reater  than  that  of  the  co-ion. 
When  pressure  is  applied  across  the  membrane  this  causes  a  separation 
of  charge  and  consequently  sets,  up  an  electric  ffield2  which  op=oses  the 
counter-ion  flow.  and  accelerates  the  co-ion  flow.  This  electric  field 
is  called  'he  streaming  potential.  The  streaming  potential  is  thus 
an  intrinsic  property  of  the  membrme  and  depends  on  the  difference 
between  the  interaction  of  ccunter-ion  and  co-ion  with  the  fixed  charge. 
The  practical  difficulties  involved  in  making  an  investigat  -ion 
I 
at  moderately  Mgh  pressures  were  considerable.  However,  apparatus 
was  designed  and  constructed  Vich  allowed  the  measurement  of  tho 
reverse/ 4o 
rever-ce-osmosis  characteristics  of  the  membranes,  and  also  the 
t  measurement  of  the  total  pressure  potential  set  up  across  the 
membrane  in  a  reverse  o--mosis  system.  One  of  the  two  main  design. 
features  was  to  construct  the  apparatus  in  an  electrically  non 
conducting  material,  in  order  to  prevent  the  short  circuiting  of 
the  pressure  potentiLl  created  and  to  prevent  any  contributions 
from  stray  potentials,  .;  hich  might  be  set  up  between  the  electrodes 
and  any  metal  incorporated  in  the  apparatus.  It  was  also  important 
to  ensure  a  very  high  flow  of  solution  across  the  high  pressure 
face  of  ille  membrcnej  in  order  to  exclude  the  possibility  of  a  build  up 
of  electrolyte  concentration  (concentration  polarization)  at  the 
membrane  surface,  since  this  would  affect  both  the  reverse  osmosis 
characteristics  and  the  pressure  potential  measurements.  Once 
thesa  features  ware  accounted  fory  the  experimental  measurements 
could  be  attributed  to  the  membrane  characteristics  and  not  to 
characteristics  of  the  apparatus  itself. 
With  the  expected  dependence  on  forces,  salt  permeabilities  and 
water  flowy  the  obvious'  analysis  tool  for  this  study  was  non 
equilibrium  thermodynamics,  where  thermodyanmic  forces  on  salt  and  water 
are  defined  and  the  flows  are  in  turn  defined  by  linear  equations  in 
terms  of  mobility  coefficients  and  conjugate  forces. 
From  the  produced  series  of  C  60  membranest  two  in  particular  v,,  ere 
almost  identical  in  all  physical  characteristics  to  aC  60  normal  and 
C  60  expanded  membrane  studied  previously.  The  irreversible 
thermodynamic  parameters  of  these  two  original  membranes  were  obtnined 
in  a  series  of  ex-  . Priments  in  which  pressure  forces  were  not  applied. 
Phenomenological  coefficients  were  determin3d  for  the  U.  'o  membranes 
by  making  a  number  of  necessary  approximations,  which  were  considered 
acceptable/ 5e 
in  that  t  hey  would  not  significantly  affect  the  values  obtained. 
With  this  close  correlation  between.  the  original  membranes  and 
those  obtained  in  this  study7  a  method  of  calculation  was  evolved, 
using  the  mobility  cofficients2  which  predicted  the  reverse-osmosis 
characteristics  of  these  membranes  and  a  comparison  was  made  with 
the  experimental  results.  The  predicted  and  observed  results 
were  in  excellent  agreement  and  the  method  of  calculation  can  be 
generalised  to  apply  to  all  membranes  for  which  mobility  coefficien-w-- 
are  known. 
This,  however,  is  a  very  restricting  condition  since  the 
experimental  determination  of-mobility  coefficients  is  a  lengthy 
and  exactin-  task.  u 
In  previous  work  the  analon  was  Aram  between  experimental 
observations  on  membranes  and  correspondinýg.  data  on  concentrated 
electrolyta  solutions,  in  particular  between  the  sodium  sulphonate 
matrix  and  aqueous  sodium  chloride.  In  this  study  this  analogy  has 
been  examined  and  developed  into  a  self  consistent  Salt  Model  Czlculat-ilon. 
In  this  calculation  a  suitable  model  electrolyte  is  chosen  for  which 
a  completeirreversible  thermodynamic  analysis  is  knovm.  Using  an 
anion  fixed  frame  of  referencey  first  mobility  and  then  measured 
membrane  parameters  are  predicted.  The  model  calculations  are 
encouraging  and  suggest  that  the  kinetic  interactions  in  a  membrane 
are  fundamentally  similar  to  those  in  concentrý-ted  electrolyte 
solution.  They  also  indicate  'Who  importance  of  such  effects  as 
tortuocity  on  the  membrane  properties. 
Although  the  phenomenon  o.  1'  streaming  potential  has  been  knorm  0 
for  a  consider.  -ble  time$  there  are  very  few  measurements  of  this 
property  reported  in  the  liter&ture.  Indeed$  in  the  past2  there 
has/ 6. 
has  been  a  degree  of  ambiguity  in  the  potentials  reported  as  streaming 
potenti--ls.  It  vras  the  aim  of  this  ,,.,  ork  to  establish  an  equation 
which  would  distinguish  each  contribution  to  the  total  pressure 
potential,  including  the  streaming  potential,  and  to  compare  the 
calculated  pressure  potentials  with  those  measured  on  the  apparatus 
constructed. The  effect  of  a  Concentration  Gradient  and  a  Concentration 
Plus  Pressure  Gr4dient  on  The  Chemical  Potentials  and  Flows 
of  both  Salt  and  17ater 
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1 CHAPTER  2. 
THEORY  OF  I-i26.  ', ';  'VMSIBLE  T=RYODY.  eTAXICS 
USED  IN  THIS  'WORK 8. 
2.1  Non  Equilibrium  Thermodynamics 
The  theory  of  classical  Thermodynamics  deals  almost  exclusively 
with  equilibrium  states  and  transitions  between  equilibrium 
states  v,,  hich  occur  in  a  reversible  manner  within  a  defined  'system'. 
Since  the  'world'  as  a  whole  is  not  readily  amenable  to 
experimental  study)  certain  parts  of  it  must  be  isolated  from 
their  surroundings  and  subjected  to  controlled  experimental 
conditions.  These  are  called  Thermodynamic  Systems  or'Systems.  ' 
One  simple  method  of  isolation  is  to  consider  tho  ccntentz  of  a 
defined  geometric  volume,  the  boundary  of  which  is  a  mathematical 
wall  which  separates  the  system  from  the  external  world.  The 
basis  of  classical  Thermodynamics  is  contained  in  two  fundamental 
laws'.  The  first  Law  of  Thermodynamics  which  defines  conservation 
of  energyp  and  the  Second  Law  of  Thei-modynamics  or  Entropy  Laz. 
In  Thermodynamics  the  function  of  state,  entropylis  definod 
by  the  s7stem.  as  a  wholep  with  massp  volume  enthalpy  and  free 
energy.  These-are  extensive  parameters  whereas  pressurep 
temperature  and  concentration  have  a  well-defined  value  at  every 
point  in  the  system  and  are  intensive  parameters. 
A  rigorous  macroscopic  description  of  non  eq-ýuilibrium  procesoes 
(irreversible  processes)  must  also  be  based  on  these  two  classical 
laws.  It  is,  howeverp  necessary  to  adap4Y  the  formalism  of  the 
-2avis 
to  apply  to  the  processes  under  consideration. 
Certainly  the  most  important  contribution  of  irreversible 
Thermodynamics  is  that  the  r3ethods  of  classical  theory  may  be 
generalised  to  include  time  as  a  variable.  The  Thermodynamics  of 
irreversible  process  has,  thereforep  a  kinetic  element  which  is 
completely/ 9. 
completely  lacking  in  classical  Thermodynamics. 
There  exists  a  number  of  simple  laws  which  apply  to  systems 
in  non  equilibrium  states.  In  each  a  floi,.,  io  defined  and 
related  to  aI  driving  force'  by  a  constant*  These  laws  were 
discovered  experimentally  and  examples  are  Fick's  Law  of 
Diffusion  and  Ohm's  Lart  of  electrical  conductance.  In  simple 
systems  the  flow  is  proportional  to  its  conjugate  force. 
Flow  c<  Conjugate  force  examples  are:  - 
Diffusional  flow  of  waterc<  -grad(concentration)  -  Pick 
Flow  of  currento(  -grad(electrical  Potential)-  Ohm 
Flow  of  heat  (K  -grad(T)  -  Fourier 
It  wa.  sp  howeverg  observed  by  early  workers  that  when  two  (or  more) 
such  phenomena  occurred  in  the  same*system  coupling  (or  interference) 
phenomena  were  observed.  One  example  is,  a  flow  of  heat  may 
produce  concentration  gradients  in  solution  (Soret  effect)v  or 
conversely2  concentration  gradients  may  produce  heat  flow 
(Dufour  effect).  Another  isq  p-ressureq  applied  across  a  capillary 
may  induce  volume  flowq  but  if  the  capillary  is  charged  then 
electrical  potentials  (streaming  potential)  will  be  developed. 
Similarlyq  under  suitable  conditions  in  the  same  system)  applied 
electrical  potentials  induce  not  only  flow  of  electrical  current, 
but  also  a  non-conjugate  flow  of  volume  (electro-osmo3is).  This 
experimental  evidence  suggested  that  the  simple  dependence 
of  a  flow  on  its  conjugate  force  does  not  always  hold. 
In  1854  Kelvin  published  the  first  Thermodynamic  Study  of 
coupling  phenomena.  In  this  he  illustrated  that  for  sufficiently 
slow  processes  any  flow  may  depend.  in  a  direct  and  linear  manner  on 
not  only  the  conjugate  force,  but  also  on  other  non-conjugate  forces. 
it/ 
9 I  -11ý 
1  10. 
It  is  this  study  of  coupling  which  forms  the  basis  of  the 
application  of  non-equilibrium  Thermodynamics  to  irreversible 
processes* 
0 ll* 
2.1.2.  The  Theory 
ThG  second  law,  or  entropy  equation  fonns  the  basis  for 
the  general  theory  of  non-equilibrium  Thermodynamics. 
In  order  to  evaluate  the  change  in  entropy  accompanying  an 
isothermal,  irreversible  process,  consider  a  simple  cycle:  - 
a  system  enclosed  by  diathermal  walls  passes  isothermally 
and  irreversibly  from  state  I  to  state  II,  maintaining 
contact  vrith  a  reservoir  at  constant  temperature.  Upon  reaching 
state  Ilý  the  process  is  reversed  and  the  system  is  brought  bach 
to  state  I  in  a  reversible  manner  still  in  contact  with  the 
reservoir  applied  in  step  I  to  II. 
For  the  full  cycle 
f  dU  -0  -jdQ  -S  dW 
* 
From  Kelvin's  principle  dW  =W 
4-  0 
thus  dQ  . 
f2 
dQ  +f  dQ  !ý0 
J12 
dQ  is  the  he-t  absorbed  from  the  reservoir  in  the  irreversible 
step. 
2 
dQ  Qirr 
By  applying  dS  =  dQ/  (Clausius  equation)  to  the  external  T 
surroundings. 
2Q  Qirr  =T  jL  eS  l 
eS 
is  the  entropy  change  between  the  system  and  its 
r,  urrowndings. 
For  the  reversible  process  dQ-  TdS  and 
111 
2Q=T 
f2 
dS  T  (S 
1-S  2)  =,  _TAS 
Therefore 
AQirr 
-TAB  =TL  eS-TAS 
S'.  0 
which  can  be  written 
s 
e 
or 
dS  >  dQ/T 12. 
Therefore,  in  an  isothermal  natural  proceS3.  the  entropy  of  the 
system  increases  more  than  can  be  accounted  for  by  absorption  of 
entropy  from  the  surroundings.  A  process  that  creates  entropy 
has,  therefore,  taken  plcxe  in  the  sy3tem. 
This  entropy  creation  is  cý,  lled  the  internal  production  of 
entropy  d 
It  is  consequently  postulated  that  the  total  change  in  entropy 
is  the  sum  of  the  entropy  exchanged  with  the  surroundings  plus 
the  entropy  created  in  the  system.  so  that 
dS  -diS+dS 
and  the  equality  may  be  written 
d.  S0 
thus  the  internal  entropy  production  is  'Positive-definite',  it  is 
equal  to  zero  for  all  reversible  changes  and  greater  than  zero 
for  all  irreversible  processes. 
The  local  entropy  production  ON  for  a  continuous  system  in 
which  irreversible  procesoes  are  taking  place  can  be  described  by 
C'dV  =di 
S/dt 
(2,1) 
v 
where  6-*,  is  the  rate  and  production  of  entropy  per  unit  volume, 
per  unit  time. 
In  order  to  ev.  ýLluallpe  C"  certain  basic  assumptions  must  be 
=.  de  and  limitation  applied.  Local  equilibriwm  is  assumed, 
(if  necessary,  by  isolating  a  small  part  of  the  system),  the  gradient 
of  the  intensive  parameters  cannot  be  large  and  therefore  the  system 
cannot  be  'far  removed  from  equilibrium'.  Applying  these  conditions 
the  entropy  produced  in  an  irreversible  process  with  no  chemical 
coupling  is  expressed  by 
6,  =  Ei  i 
'X 
i>0 
in/  I 
(2.2) 13. 
II 
in  which  Xi  is  the  conjugate  force  to  Jil  the  flovil  and  JI 
and  Xi  are  independent. 
It  is  often  convenient  to  use  instead  of  r-  another  function 
the  dissipation  function  such  that  ý=T  o- 
This  has  dimensions  of  free  energy  per  unit  time  and  is  a 
measure  of  the  rate  of  "Local"  dissipation  of  free  energy  by  an 
irreversible  process.  So  that  in  general7 
I 
Tix>0  (2-3)  7Ei 
lf  the  flovis  are  defined  as  those  of  entropy  -T  5  and  matter  Ji 
then  equation  2.2  gives 
6"  '/T  grad(-T)  + 
'/T 
grad(  (2.4a) 
Litt 
and  using  2.3  becomes 
T  a-  -JS  grad  (-T)  +  Ji'grad(-pij  (2.4b) 
A 
where,  T  is  the  abzolute  temperature  and  Iii  defined  by 
GuEgenheirrk 
(1) 
is  the  electro-  chermical  potential  of  the 
VVI 
ith  ionic  constituent  ..,  hich  is,  composed  of  tvio  parts,  a  chemical 
term  and  an  electrical  term  Zi  Fyi  so  that 
AF 
Fi  'r 
zi 
where  is  tha  chemical  potential..  Zi  is  the  signed  valency  and 
the  internal  local  eloctric  potential  of  species  i. 
The  choica  oj.  flows  thus  fixes  the  thermodynamic  forces  which 
lave  to  be  emýoyed. 
The  product  of  any  flow  and  its  conjugate  force  must  have  thia  0 
dimensions  of  entropy  production  and  for  a  defined  system,  the 
sum  of  the  products  must  remain  the  same  for  any  change  of  flows 
and  fo=ces. 14. 
2.3,3  The  Phen2Lrgriological  Equations  and  the  OnsaEer  Reciprocal  Relations 
In  order  to  make  use  of  the  dissipation  function  an  explicit  correlation 
be  tween  flows  and  forces  is  required.  The  first  of  these  was 
obtained  by  Fouriergand  later  Ohm  and  Fick  added  other  laws  zhich 
indicated  the  linear  dependence  of  a  flow  in  its  conjugate  force. 
(4) 
Dufour 
(2) 
Soret(3)  and  Peltier  show'ea  that  for  a 
sufficiently  slow  process  a  flow.  could  also  be  linearly  dependent  on 
a  non-conjugate  force. 
In  1931  Onsager(5)  proposed  that  for  slow  procesces  occurring 
not  far  from  equilibrium  thermodynamic  flows  and  forces  are 
linearly  related  by  a  set  of  phenomenological  relationships  of  the 
general  type. 
IL 
'j 
ikXk 
192  .........  n)  (2-5) 
alternatively 
XiR 
ilik 
(2.6) 
This  expression  is  obtained  from  equation  (2-5)  by  Latrix  inversion 
and  expresses  the  forces  as  linear  functions  of  the  flows, 
The  L.  coefficients  of  (2-5)  are  generalised  mobility  coefficients 
ik 
sith  units  of  flow  per  unit  force  whereas  the  RA  coefficients 
of  2.6  are  generalised  frictional  coefficients  with  dimensions 
of  force  per  unit  flow. 
RA  and  L 
ik  coefficients  are  related  by  the  equation 
RA 
IL 
ikl  (2-7) 
L 
whereiL  ikl'a  tha  minor  of  LA  and 
ILI  is  the  determinent  of  all 
L  coefficients. 
These  equations  illustrate  the  possibility  of  coupling  between 
various  irreversible  phenomena  since  each  flux  Ji  may  be  a  linear 
function  of  In'  forces. 
To/ To  characterise  such  a  system  OfInIforces  n2  mobility  or 
15* 
frictional  coefficients  would  be  required  and  consequently  n21ndependent 
experiments  would  be  necessary  in  order  to  determine  them. 
They:  if  -n 
>2  the  minimum  number,  of  coefficients  and  subsequent 
experiments  would  be  ninev  making  a  complete  analysis  of  the 
whole  system  very  difficult. 
Onsager's  fundamental  theorem  states  that  provided  a  proper  choice 
is  made  for  the  flowsJ  i  and  forces  Xil  the  matrix  of  phenomP-nological 
coefficients  Lik  and  R 
ik  will  be  symetrical. 
i0ee  L 
ik  ý  Iki  (ilk  112  ...  n)  (2.8a) 
similarly 
R 
ik  82  Rki  (2.8b) 
Thus  the  number  of  independent  coefficients  required  to  characterise 
the  system  reduces  from  n2  to  -in  (n  +  1)  ' 
From  the  O.  R.  R.  and  the  equation  for  the  dissipation  function 
equation  (2-3)7applying  the  requirement  for  positive  entropy  production, 
the  further  constraints  are  obtained. 
L'L2  and  RiiRkk  >  )2  (2.9) 
ii  kk 
2:  (L 
ik)  - 
(Ilik 
also  L  ýt  0R0  (2.10) 
ii  ii 
I.  e.  direct  coafficients  must  be  positive  but  cross  coefficients  may 
be  either  positive  or  negative. 
Although  these  relations  were  originally  proved  by  a  statistical 
-mechanical  treatment  and  are  an  implication  of  'Microscopic  reversibilityl 
the  relations  apply  to  the  macroscopic  world  and  have  now  been  proved 
td  hold  experimentally  in  electrochemical  systems. 
D.  G.  Miller  (6)  established  that  the  O.  R.  R.  were  obeyed  for  a  large 
range  of  experiments  on  binar;  -  electrolytes.  The  approach-'.  used  in 
this  work  owes  a  great  deal  to  that  of  Miller, 16. 
2.2  Application  of  lion  Equilibrium  Thermodynamics  to  Membrane 
Transuort  Processes. 
To  date  a  large  number  of  analysis  of  membrane  transport  processes 
(7)  (8)  (9)  (10)  (11)  (12) 
have  been  reported  in  the  literature, 
Whether  equation  (2-5)  or  (2.6)  is  chosen  to  provide  coefficients 
depends  on  convenience  and  many  workers  have  used  both  for  a 
complete  analysis. 
Both  have  their  advantagesq  L 
ik  coefficients  are  particularly 
useful  in  the  formulation  of  equations  to  predict  membrane  properties, 
(2.26)  (2.27)  (2.28)  (2-41)  (2-43).  Whereas  frictional  coefficients 
have  the  advantage  of  being  independent  of  the  frame  of  reference 
thus  allowing  the  calculation  of  the  interaction  of  all  species  with 
the  fixed  charge  matrix,  species  (4) 
.  Rik  coefficients  also  allor. 
the  comparison  of  different  systems.  They  are  a  useful  and  necessary 
intermediate  in  the  comparison  of  mobility  coefficients  of  a  membrane 
with  that  of  an  equivalent  salt  solution  (Salt  Nodel  cLLIculation). 
All  forces  and  flovis  are  measured  normal  to  the  membrane  surface 
and  the  thermodynamic  forces  XI  are  defined  as  the  negative  gradient 
ok  the  electrochemical  potential  of  the  i  th 
species  in  the  membrane. 
The  system  for  analysis  is  defined  as  isothermal  and  has 
four  speciess- 
(1)  Counter-ion 
(2)  Co-ion 
(3)  Water  molecules 
(4)  Fixed  charge  and  supporting  matrix. 17. 
(2.21)  The  dissipation  function  then  becomes 
TJix021  (2.11) 
%here  Ji  is  the  flow  of  species  ij  in  mole  cm7  s-  and  Xi  is  the 
negative  gradient  of  the  electrochemical  potential 
A 
X.  .  (_  djI,  / 
dx)  ._  (djai/ 
dx.  +  Zij,  dy/ 
+^ 
dP/al:  ) 
3.  dx 
V  (2.12) 
is  the  electrochemical  potential  in  Joulesmole- 
ZI  is  the  signed  valence  of  species  i 
F  is  the  faraday  in  coulombs  ecAvalent  -1 
V  is  the  electrical  potential  of  the  phase  in  volts 
P  is  the  hydrostatic  pressure  in  11'ev,,  tons  metre-2 
3 
V 
is  the  partial  molar  volume  in  metre3 
dx  is  the  length  in  cm  across  which  the  force  is  applied. 
(By  choosing  cm  and  not  metres  for  refers  to  energy/  D 
dxj,  T  C% 
3)/sec 
or  0-  is.  thrAepi 
i 
G  cm  e,  oduction  of  entropy/l  cm, 
ol 
The  Gibbs  Duhem  Equation  states 
nidý,  0  (2.13a) 
where  n  A"  is  the  number  of  moles  of  species  i 
this  becomes  cIXI-0  (2.13b) 
4=0 
where  ci  is  the  concentration  of  species  is  From  these  it  is 
apparent  that  the  foUr  forces  are  not  independent  and  elimination  of  X 
from  (2.11)  gives  (2.14)  where 
j4=  (i  -C 
J4/  (2.14)  iiic4 
-equation 
(2.11)  then  becomes 
T  a-= 
V(ji  - 
ci/c 
'T4)Xi 
(2.15) 
j4 
iX,  ý,,  0  (2.16) 
Thus  we  have  defined  the  frame  reference  for  this  treatment  as 
"membrane  fixed"  and  Ji  4  in  the  flow  of  specigs  IV  relative  to  a 
stationWy  membrane.  This  tr-,  nsformation  does  not  alter  the  value  of 
-the  dissipation  function  and  pres3rves  the  O.  R.  R. 
This/ k  18. 
This  frame  of  reference  is  different  from  that  used  in  a  solution 
treatment  where  it  is  more  convenientto  use  a  solvent  fixed  reference. 
Consequently  if  direct  comparison  between  membrane  mobility  coefficients 
and  solution  mobility  coefficients  of  the  same  electrolyte  system  is 
required  then  the  frame  of  reference  of  one  must  be  converted. 
On  the  membrane  fixed  frame  of  reference  linear  phenomenological 
equations  can  be  written. 
.3 
j4  (2.17)  I  likýi 
k-:  i  (i  ly  2v  3) 
and  R  ikjk' 
in  which  I  are  membrane  mobility  coefficients  and  R  are  ik  ik 
generalised  frictional  coefficients.  Applying  the  O.  R.  R.  to 
equation  (2.17)  and  (2.18)  provides  six  independent  phenomonological 
coefficients2from  the  three  by  three  matrix,  which  subsequent'  ly 
characterise  the  transport  properties  of  the  membrane  system. 
From  hereafter  Ji  yrill  be  represented  by  simply  J  and  will  describe 
Ii 
the  flow  of  species  i  on  a  membrane  fixed  frame  of  reference. 
Evaluation  of  the  I  ik  matrix  requires  the  performance  of  six 
independent  experiments  involving  electrical,  chemical,  and  pressure 
potential  forces  under  steady  state  conditions. 
Electric  Potential  Gradient 
Conductivityt  Electro  Osmosis  and  transport  number  are  the  three 
experiments  in  which  the  external  applied  force  is  electrical  only. 
Conductivity 
With  an  electrical  force  alone  applied  across  the  membrane,  the  current 
-2  density  in  aMPs  Cm  is  given  by 
i-  (Z 
1j1+  ZA)p  (2.19) 
where  again  -11  and  J2  are  the  flovis  of  the  mobile.  ionic  species 
and  Z,,  712  are  the  signed  alency-  ofthe  ions. 19. 
As  there  is  no  chemical  potential  or  pressure  gradient,  X 
i  is  civon  by 
A 
/dy.  )  .  7,  P  -'  'V/dx) 
i-12  (2.20)  xi  -C 
..  and  for  water 
i3  (-d  113/dx) 
The  phenomenoloSical  equations  (0 
-17)  then  reduce  to 
j1=1 
11 
x1+  112X2  (2.21a) 
j2=1 
21 
x1+1 
22 
x2  (2.21b) 
j3=1 
31 
x1+1 
32X2 
(2.21c) 
therefore  substituting  for  J1  and  J2  in  (2.19)  gives  for  the 
current  density. 
I  -ý-Iz  121  11  +Z1z2(1  12  +1  21)  + 
by  expreszing  Ohm's  law  as 
I 
J(  (dy/d,  ) 
z21d!  LT  (2.22) 
2  22  Fýdx) 
it  is  obvious  that 
jK  . 
[Z  21+Zz  (I  +I+Z21F2  11  12  12  21)  2  22 
tance.  whereA  is  the  specific  conduot 
It  proves  convenient  to  further  reduce  to  A 
F2 
therefore 
0ý 
2  Z12  :L  ZlZ2  (  112  4'  1 
21  +z21  22 
(2a-1ý2)  Transport  Number 
(13) 
The  transference  number  of  a  species  is  defined'  as  the 
(2.23) 
(2.24) 
(2.25) 
number 
. 
of  moles  of  the  species  transferred  by  one  .  'faraday  of 
-electricity 
through  a  stationary  cross  section  in  the  direction 
of  positive  current. 
Therefore  for  viater 
t3=3F  /1  (2  -.  26a) 
r,  ubstituting  for.,  I,  by  equation  (2.19)  for  J3  by  equation  (2',  21c) 
a  nd  X,  and  X2  by  equation  (2.20)  gives 20. 
t3.  (Z 
li  31.  +Z21  32 
)F  21  'k  (2.26b) 
, 
Similarly  ti  the  transport  number  of  an  ion,  defined  as  the 
fraction  of  total  current  carried  by  that  iony  can  be  expressed, 
for  counter-ion  as  t  I 
21  (Zl 
11  +  ')  Z122112  P  2f 
/) 
k 
(2.27) 
and  for  co-ion  t2  (Z2  21 
22  +  Z1z212 
1)  P  2/k 
- 
(2.28) 
(2.2.2)  Chemical  and  Preissure  Potential  Gradients 
In  the  use  of  concentration  gradients  to  obtain  rpembrane  1  ik  and 
R 
ik  coefficients  there  exists  the  basic  objection  that  as  these 
membrane  coefficients  are  functions  of  concentration  then  the 
values  obtained  will  be  mean,  values.  This  problem  is  minimised 
in  salt  and  water  flow  experiments  by  ensurine  the  gradients  of 
concentration'are  as  smali  as  possible.  'The  application  of  pressure 
across  the  membrane  also  poses  fundamental  problems,  though  of  a  differen4io 
nature,  in  the  application  and  determination  of  phenocenological  M 
coefficients.  It  must  be  assumed  that  the.  pres--ure  applied  causes  no 
structural  deformation  of  the  membrane  matrix,  that  isq  the  membrane 
unier  applied  pressure  is  identical  to  that  at  atmospheric  pressure. 
Thus  1  and  R  coefficientsf  and  the  equationsýcbscribing  membrane  AA  Q3 
-  processes,  may  be  applied  to  describe  membrane  transport  processes  under 
both  applied  pressure  and  concentration  f;  radients. 
When  a  salt  gradient  ezists  across  a  membrane  two  flows  are  obzerved? 
those  of  salt2  Js  and  of  water,  Jw  (osmotic  flow).  When  the  membrane 
is  at.  atmospheric  P-"eFsure  these  flows  are  in  opposite  directions  due.  to 
-the  opposing  gradients  of  chemical  potential  for  the  salt  and  , -.  ater. 
E  xceptions  occur  in  certain  membranes  in.  which  the  two  flows  are 
concurrent  and  anoMaloui  osmosis  is  observed 
(15)(16)(17). 
If,  howevert 
pressure  is  a-,,,  )lAr--d  to  solution  on.  one  side  O.  "L'  the  membrane2  sal'i't  and  Trate.  - 
are  caused  to  flow  -in  the  same  direction.  The  apPlied  pressure  constitutes 
an  additional  force  on  v.  -ater  which  reverses  the  sign  of  the  water  force 
x  This  induced  flow  of  water  through  the  membrarls  3*  0 21. 
consequently  creates  (dynamically)  a  new  concentration  gradient  which  will 
be  proportional  to  the  ratio  of  the  fluxes,  Ja  and  Jw.  Thus  in  isobaric 
and  non-isobaric  systems  the  equations  describing  the  salt  and  water  flux 
will  be  identical,  only  the  thermodynamic  forces  will  be  altered  by  the 
inclusion  of  additional  terms:  - 
For  an  isothermal  system  under  applied  concentration  and  pressure  gradients 
there  is  no  flow  of  electric  current  in  the  system. 
i.  e.  I=  (7,,  Jl  +Z212)F=0  (2.29) 
The  thermodynamic  forces  become 
X,  =  c  (ý  '/dx  )= 
[(-  lai 
/dx 
)+z1Fc  dv 
/dx)]  i=  11  2'  (2-30) 
(-d  'cUnai  -  dP 
cbc 
[RT 
/  dx  +vI 
clý]  (2-31) 
X3  3/dx) 
dl-na  dP  [RT 
31  dx  +V3  /dx]  (2-32) 
From  (2.17)  the  phenomeuological  equations  are 
ill  =1  11 
)ý  +  1  12 
x2+1  13X3 
(2-33a) 
J2  :  L21X:  L  +  122X2  +  123X3  (2-33b) 
J3  131X1  +  1  32X2  +  133X3  (2-33c) 
lubstituting  equations  (2-33a)  and  (2-33b)  into  the  condition  for 
-zero  current  gives 
Z2112)  X1  +  (Z1112  +  Z2122)  X2  +  (Y13  +  Z2123)  x3ý0  (2.34) 
By  applying  the'equations  (2.26),  (2.27),  (2.28)  defining  the  transport 
numbers,  equation  (2-34)  reduces  to 
tl/zl 
- 
XI'  +  t2/Z2 
*X2+t  3X3  ý0  (2-35) 
and  from  (2-30)  by  expanding  X,  and  collecting  terms  (2-35)  becomes 
-C  Ttt  IF  (2-36) 
. 
F(  A/cb. 
-)  =  1/Zl(  )+  Z/Z  (C2)+t(  413/ 
dx 
"'/dx 
2  /dx  3 
This/ 
I 22. 
This  equation  was  first  giverl  by  Plank 
(18) 
and  by  Henderson 
(20) 
and  later  by  : ýtaverman  using  an  irreversible  thermodyn=ic 
presentation.  By  integration  across  the  membrane  tho  expression 
for  membrane  diffusion  potential  is  obtained  (2-3.2.1) 
(2.2.2.1)  Salt  Flow  J_ 
Using  the  condition  for  electro-neutrality 
(Z 
1r1Z2r2)- 
(2-37) 
and 
P.  (2-38a)  P12  ý  rlPl  +  rZP2 
alternatively  written  X 
12  '--  rlXl  +r2x2  (2-38b). 
where  r  11  r2  denoted  the  number  of  moles  of  cation  and  anion  given 
by  one  mole  of  electrolytepand  r  12  is  defined  as  a  number  of  moles 
of  ions  given  by  one  mole  of  electrolyte  so  that 
r  12  rItr  2-* 
(2-39) 
The  flow  of  salt,  JS  ,  under  a  concentration  and  pressure  gradient 
is  given  by 
is  I/r,  2/r2  (2-40) 
using-equation  (2-33a),  (2-40)  becomes 
i  I/r.  (', 
lxl  +1  12  x2+1  13 
x 
3) 
expanding  Xi  : ýrom  (  2.30)  (i  -  lp  2)  gives 
is  ill(-dFl/dx)  +  112  (-dP2/dx)  (-dy3/dx)  + 
1/r 
+  113 
+1111 
+  Z211211* 
-'d7V/dý)' 
expressing  (Z  II 
tl"/Z  from  equation  (2.27) 
.1 
11"  +Z2  12  1 
and  substituting  for  (-dTV/dx)  from  equation  (2-36)  Js  becomes 
(l  ýt  12  a()(-  1tt  20C)I-ýU2  +Itt 
dc 
1& 
12  z  dx  r 
13  -Zlýý)(  dx  01Z1  dx:  z121 
1(1 
Z1 
Using  the  expression  (2-37)  defining  electro-neutrality 
t12  12  1  /r  CK/Z2-1)  Z172/r2  (111  22-112)) 
C(  2 
tt 
and 
I/rl  (112  12  YZ 
Iz2  -Z  lZ2/rl(lll'22-112 
0( 
pinally  applying  condition  (2.38a)  the  general  equation  for  the  flow 
of/ 23. 
of  salt  can  be  expressed  as  equation  (2-41) 
J 
21  z 
2/r  r 
(111122-112 
2) 
-dP12  +1  (1 
t1t3d 
12  's  CK  r1  13  Z 
ý'U  (2-41) 
(2.2.2.2)  Water  Flow,  J., 
From  equation  (2.33c) 
jw.  (1  &1  +1  23ý2  +1  33X3 
)  (2-42) 
In  an  expansion  similar  to  that  for  J1  above,  using  equations  S 
(2-30)  (2-36),  ecluation  (2.42).  becomes 
tt  0ý,  dttdd2  dJU  23  2)  +(1  33  -t  w  '* 
(113 
-13  +(123  3  C() 
z  dx  Z2.  dx 
Once  more  employing  the  condition  for  electro-neutrality  it  can 
be  shown  that 
(1  t2t3  0ý  )-  -v2  (Itt 
-1 
CA  ) 
23  -Z 
2'  ri 
13  -  -11  z 
Usine  equation  (2-38a)  the  water  flow  is  given  by  (2-43) 
j.  itt  c()  -ýU  12)  200 
7F  -1+  (1  -t3 
cdýF"  3  (2-43) 
W  r, 
(': 
L3 
I 
dx  33  bF) PRESSURE 
o 
o 
1. 
11o  Fixed  charge  or  difference  in  mobility  of  Cation 
and  anion  for  any  reLson.  Therefore  No  Stre-smino  Potential. 
FIG  2.2 
,  um 
++ 
Displacemcnt  of  counterion 
from  fixed  charge  by  the 
Applied  Pressure  causes  a 
Streaming  Potsyrtic-.  1 
STR  ING 
PoTE4-TI,  '.  L 
II 24. 
2.2.2.3  TIMIUMDYNAMIC  FORCES  FOR  S.:  ý.  LT  AITR  NDER 
APPLIED  COACENTRATIOl'A  _Rýý  Atli)  PRý-;  S'-X2  GIbLDUNTS 
From  the  full  expression  for  X.  equation  (2-31)  1-  11  2  and 
from  equation  (2.  '38b)  and  the  equation  for  electro-neutrality  (2-37) 
if  ra  dP 
X  RT  (  d1na  d1na  2/dx)  -  (r  *7 
+r 
'V"'  )(  dx)  12  l/dx:  +1122 
The  activity  of  salt  r,  r2 
a12  '0  a,  *a  2 
and  the  partial  molar  volume  of  salt 
12'  =rIVI+rV2  (2-44) 
therefore  X  _RT  (dlnal2/  V  dp/  (2-45)  12  T_  dX  -"%12  dx 
This  illustrates  the  additio  nal  term  included  to  account  for  the 
effect  of  a  pressure  gradient.  on  the  chemical  potential  of  salt 
IN,  X 
12  can  be  calculated  from  activity  coefficients  derived  at  zero 
dP 
pressure,  using  the  term  Vn  term  accounting  12  U  as  a  correctio. 
for  the  applied  pressure.  Altern-ýtively  the  activity  coefficients 
(14 
obtained  at  specific  pressures  above  1  atmosphere  can  be  used 
In  practice,  however,  this  consideration  need  only  be  made  at  very 
high  pres3ures.  Appendix  I. 
'Thethermodynamic  force,  X  -on  the  other  hand  contains  a  major  3' 
contribution  from  the  applied  pressure  gradient  equation  (2-32) 
dlna  A  dP 
X3ý  _(RT  3/dx  +V3  /dx)  (2-46) 
The  influence  of  pressure  on  X3  may  be  large  and  if  water  activity 
and  pressure  terms  opposeq  as  they  will  when  pressure  is  applied 
to  the  concentrated  solution,  (in  the  direction  of  the  salt  gradient) 
then  the  pressure  force  m-y  reverse  the  direction  of  X 
3* 
Such 
conditions  are  obtained  in  reverse  ozmosis  (desalination)  techniques. 
Equations/ 25. 
Equations  (2.43)  (2.41)  can  be  expressed  in  shortened  form 
Ja=L 
ssX12 
+'L 
sw 
X3  (2.47) 
jw=L 
wsX12 
+L 
ww 
X3  (2.48) 
Therefore,  in  the  full  equations  for  Js  and  Jw  if  1  13  ý'- 
tlt3  C< 
and  I>t2  o<  all  the  mobility  coefficients  in  equations%.  47), 
33  3 
(2.48)  will  be  positive.  From  Fig.  (2.1)  for  an  applied  concentration 
gradient,  X12  and  X3  have  opposite  signs,  consequently  J.  and  Jw  are  in 
opposing  directions.  Under  these  conditions  it  is  obvious  that  the  cross 
effect  expressed  by  the  coefficients  L 
sw  =L  WS 
(O.  R.  R.  ),  due  to  the 
coupling  of  the  two  flows,  causes  reduction  in  both  the  salt  and  water 
flow,  Howeverv  under  an  additional  pressure  gradient,  X12  and  X3  --assume 
the  same  sign  Causing  JS  and  Jw  now  to  be  in 
. 
the  same  direction.  The 
coupling  term  in  this  case  contributes  to  the  flow  of  both.  The  water 
flow  is  a  reverse-osmotic-flow  and  the  coupling  between  the  flows  causes 
an  increase  in  thp  concentration  of  salt  on  the  low  pressure  side  of  the 
f-j 
membrane. 
Thus,  coupling  acts  against  the  process  of  desalination  in  a  reverse 
osmosis  system. 26. 
2.2.  ý  E.  M.  F.  ISASUREIMUS  ACROSS  THE  MMRANE  IN  TIM  REVERSE-OSMOSIS  CELL 
When  a  salt  solution  is  compressed  through  an  ion  exchange  membrane  a 
portion  of  the  electrolyte  is  excluded 
(  21  ) 
by  Donnan  rejection. 
The  result  of  this  exclusion  is  a  salt  filtering  effect.  The  salt 
filtering  process  across  ionic  membranes  can  be  described  in  terms 
of  the  flux  equations  of  irreversibl  e  thermodynamicsq  for  example 
equations  (2-41)  (2-43) 
(22)  (23)  (24)(25) 
Figure  (2.2)  shows  the  compression  of  an  electrolyte  solution  through 
a  cation  exchange  membrane.  The  chloride  ions  (of  the  electrolyte) 
. are  effectively  excluded  from  the  membrane  because  of  the  high  concentration 
of  fixed  negative  ch-rge  (Donnan  effect).  When  pressure  is  appliedt 
displacement  of  the  Na  + 
counter-ionsl-aith  respect  to  the  fixed  negative 
charge  occursp  because  the  latter  cannot  move  under  the  influence  of 
pressureq  whereas  the  former  can.  The  result  is  a  streaming  potential 
with  the  low  pressure  side  carrying  positive  charge.  This  potential 
enhances  the  flow  of  the  chloride  ions  and  tends  to  work  against 
effective  desalination.  However,  if  the  concentration  of  chloride 
ions  in  the  membrane  is  small,  the  flow  of  chloride  and  hence  the  toal 
salt  flow  should  remain  relativelysmall  compared  with  the  flow  of  water. 
tion  exchange  membrane  separating  two  idential  salt  solutionz  Consider  a  cat# 
An  equilibrium  situation  exists  X 
12  ý'  X3  '0  0.  If  a  pressure  is  applied 
to  one  solution  a  non-equilibrium  situaýtion  is  created  13/  0*  In 
flow  through  the  membrane  and  in  the  ste--dy  consequence  water  and  salt 
state  J  and  J  ara  definedý.  equations  (2-41)  (2-43).  If  the  high 
sW 
pressure  solution  is  effectively  stirred  and  is  of  a  sufficient 
,,: 
volume,  its  concentration  remains  con3tant  (effectively)  up  to  the 
membrane  surface.  The  flovs  of  salt  and  water  into  the  lo-.  T 
pressure  solution  define  the  concentrations  (and  consequently  the 
chemical/ 27. 
chemical  potentials)  at  the  membrane  surface  on  the  lovi  pressure  side 
since 
X  C. 
w 
Concentration  of  product  (C 
p  w 
and  consequently  the  salt  gradient  across  the  membrane  is  defined. 
If  electrodes  which  undergo  a  reversible  reaction  with  one  of  the 
ions  in  solution  are  chosen  and  inserted  on  both  sides  of  the  membrane 
thO  tota-1  of  the  reverse  osmosis  system  can  be  measured. 
The  method  of  Irreversible'Thermodynamics  provideý  a  complete 
and  elegant  determination  of  the  total'  emf  of  the  system, 
allowing  the  origin  and  form  of  the  different  contributions  to  be 
distinguished. 
The'total  '  emf.  can  be  expressed. 
,p  (2.2.3.1.  )LY  SYST  +  (V1  -  VM1)  +  (VIM  +( 
// 
- 
/)  (2-49)  S  VU  VS 
+ 
") 
or  alternatively  S  VF, 
SYST' 
AB 
+ 
A2 
+  AE  (2-50) 
Electrodes'  Donnan  Diffusion 
By  choosing  the  silver-silver  chloride  electrode  which  reacts 
reversibly  with  chloride  ions  the  equilibri=  conditions  for  the 
electrodes  can  be  viritten 
A,  g  c1+eI  '-r  Ag  0+ 
cl- 
and  ).  4-gol  + 
tue  -  )'AI;  o  +  )"cl- 
The  electrode  potenti-ýls  are:  - 
(Yr,  7VSf) 
2L  00  RT 
F 
(PAg+Pcl:  -,  FAgcl)  -  (VACVAgc,  +Vcl-)  -  -y-  lna 
2 
0+U0+AT 
of 
+  V,  -1  IFAgCl) 
(VAg  - 
V,,, 
C  -lNa  Uýg 
2 28. 
.1000  where  1, 
(fAg  '  Pol-  -  PAgc1  Constant  -E0  the  standard  electrode 
potential. 
If  Donnan  Equilibrium  is  set  up  the  chemical  potential  of  salt 
at  the  solution-membrane  interface  on  each  side  of  the  membrane 
are  inequilibrium 
Ps  ý'  J)4 
Therefore 
I 
a  RT  2 
V14  In  +Pv2  2)  2 
a 
-RT  2  (Vý  -  VS)  ,-  7-  in  wa72"  P22 
where  the  barred  symbols  represent  the  membrane  phase.  The 
diffusion  of  salt  due  to  a  concentration  gradient  creates  a 
diffusion  potential  which  can  be  expressed  by  integration  of 
equation  (2  36)  across  the  membrane  and-by  substituting  for  the 
thermodynamic  forces9equations  (2-31),  (2-32). 
I;  1/  -4. 
RT  tl  t2  ln  2+t  ln  a2+ 
(I  -via)  -F-(  ln  +3  ii,  'ýI  72  12 
P 
ti 
_v" 
t2 
im  +L  V%.  4  (_F 
1  T_  2F  3). 
1  atmosphere  then  P/I  is  the  applied  Pressure  which  will  be 
denoted  hereafter  by  P 
For  a  1:  1  electrolyte, 
=-I  and  applying  t-I-t,  gives  for  22-. 
V  tjRT  am  12  RT  2ý  tF  In  +  IT  11  In  In  ,,  F12  2  3- 
From/ From  equation  (2-44)  and  th3  assumption  th-t  the  partial 
molar  voliznes  of  the  species  in  the  solution  and  membrane 
are  identicalg  i.  e. 
S  vi.  v 
The  expression  for  the  total  emf  of  the  cell  becomes 
_kv  It  -1$ 
Aa1a2  P0  RT  RT 
Et 
ot 
VA,  -  VACcl  +t3.  In  +  t,  F  In  al  E2,  3 
+P  (t 
Iv+tv  P  12  33 
in  the  case  of  a  lil  salt:  ' 
,#=W2 
Ia2  12)  a1a2  (gi2  )2 
29. 
However 
-a  1  YX  1a2  2X2 
where  Mix 
I  are  the  molar  concentration  and  activity  coefficients 
respectively, 
theref=a 
al  a2m1r,  2192 
+)2 
Since  equilibrium  is  assumed  at  the  solution  membrane  interface 
4  41  -0 
do  -0  -Fe  9 
12  =a  12  2a  12  =a  12  ,a3ýa  3'  a3  =a3 
therefore 
a+ 
P  (V  RT  In 
3+ 
2t 
RT  Ns 
(2-52) 
tot  7  Aisr, 
VAgcl  )+t3F 
&ý3  lid  37,1 
+  (t  V+t  1  12  ýV3 
The  first  tarm 
F 
VAj;  VAgcl)  's  a  correction  term  due  to  the  effect 
Of  pressure  On  the  volume  ohýnge  of  the  electrodes  and  mill  be  negative 
for  silver-silver  chloride  electrodes. 
AV  a3 
t  LT  In  also  makes  a  neative  contribution.  3F  73 
This  'represents  the  tendency  (osmotic)  of  the  water  to  diffuse  back 
in  the  direction  of  the  concentration  cradient  (of  water  .1 
We  opposirC 
the  applied  pressure. 30. 
The  final  two  terms  both  of  which  are  positive  for  a 
positive  t3  give  the  contribution  respectively  from  the  concentration 
cell  (due  to  the  salt  gradient  created  by  the  flows  J0  and  Jw)  and 
the  streaming  potential. 31. 
(2.2. 
-V-) 
Stre=ing,  Potential  and  Electrokinetic  Phenomena 
Streaming  Potential  is  a  consequence  of  coupling  between 
irreversible  processes,  i.  e.  coupling  between  flow  of  electric  current, 
volume  flow  and  hydrostatic  pressure;  with  three  other  similar 
electrokinetic  effects  it  makes  up  the  w3ll  knovm  Saxenla  relationships. 
The  first  theoretical  explanation  of  these  phenomena  was 
advanced  by  Helmholtzý  Gouyj  and  others 
(26)  (27)  (28)  based 
on  the  electric  double  layer  theory. 
However  this'tbeory  reaches  a  limit  where  it  fails  to  describe 
experimental  data  when  the  water  content  of  the  membrane  is  very'low. 
Saxen  in  later  years  observed  that  several  relations  between 
-  coupled  phenomena  remain  valid  for  dense  membranes  and  NazUr!. 
..  and  Overbeck  proved  they  may  be  deduced  from  the  Ohenomenolocical 
(29) 
eqýiations  of  irreversible  thermodynarilics 
From  the  derivation  of  the  total  PmjO  of  the  reverse  osmosis  cell 
equzAion. 
(2-52?  )  and  frcm  the  equ;  -Aion 
itself  it  is  appirent 
that  the  streaming  potential  is  derived  from  the  diffusion  potential 
part  of  expression  (2.49)  and  is  a  ccnsequence  of  the  movement  of  pore 
solution  in  the  membrane_,  expressed  by  t 
Saxen's  relationships  can  be  established  under  the  condition 
of  no  concentration  gradient  across  the  membrane  and  it  is  convenient 
to  choose  the  flovis  and  forces  so  that  the  dissipation  function  is 
given  by 
ý-i  AF  +  IF, 
where  iv  =  'volume  flow 
=  applied  pressure' 
electric  current 
E  poýential  difference  across  the  membrane 
(between  the  reversible  olectrodes) 
The/ 32. 
0 
I 
The  syste-m  is  then  deocribed  by  two  flows  and  two  forces 
which  can  be  uoed  to  establish  the  Saxen  Law  equation  (2-53)- 
This  relates  the  streaming  potential  across  a  membrane  to 
the  electro-osmotic  flow. 
(EST/ 
P) 
(t 
V/1)  I=0  (2-53) 
E 
ST  is  the  streaming  potentialin  voltsy  P  the  applied 
pressure,  tv  the  electro-osmotic  water  transport  in  cm3  sec-1 
and  I  the  current  in  amps.  Hence  Saxen's  law  implies  a 
comparison  of  trio  different-experimnts---involvin,  -,  a  medbrane 
separating  two  electrodes. 
3.  )  Application  of  pressurep  and  measurement  of  the 
resultant  streamin----  potential  between  the 
electrodes  to  giv  10 
2)  Application  Of  electrical  potential  difference 
-  between  the  electrodes  with  P=1  atmosphere. 
This  yields  AP  =0  : 1)  - 
Saxen's  law  holds  for  all-membranes  when  E  and  V  are 
proportional  to  P  and  -I  respectively. ý  0--  ý- 
The  equations  (2.27)  (2.28)  (2. 
- 
26)  for  tl9  t9  and  t3 
33. 
respectively  and  for  J5  and  Jw  (2-41)  (2-43)  have  normally 
in  the  past  been  considered  under  isothermal  and  isobaric 
conditions  thus  giving  five  equations  to  detemine  six  unknom 
mobility  coefficients.  In  order  to  evaluate  the  complete 
lik  matrix  various  assumptions  were  made  for  specific  coefficients 
(30  )  (31  ). 
Howeverý  if  equations  (2-41)  and  (2-43)  are  used 
in  a  pressure  experiment  this  will  Provide  additional  data  with 
which  to  evaluate  the  full  1  ik  matrix.  This  pressure  experiment 
will  also  allow  an  alternative  evaluation  of  the  various  lik  coefficient 
assumptions  made  in  previous  work  when  the  pressure  experimental 
system  was  hot  available.  Equation  (  2-52)  describing  the 
total  EX.  F.  of  a  reverise  osmosis  cell  allows  evaluation  of  all 
the  contributing  processes  and  illustrates  the  relative  value  of  each. REFERENCES 
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CHAPTM 
SALT  MODEL  CALCULLTICIT 34* 
3.0  SkLT  MODEL  CALCULATION 
The  equations  describing  membrane  transport  processes 
formulated  in  the  previou3  section  provide  the  means  by  which  the 
phenomanological  coefficients  describing  a  particular  membrane 
system  may  be  evaluated.  Howeverg  in.  order  to  do  so  a  great  deal 
of  experimentation.,  must  be'carried  out  as  the  transport  coefficients 
cannot  be  predicted  from  molecular  theory.  Therefore  any  model 
I 
which  mij;  ht  allový  quantitative  assessment  of  transfer  coefficients  and 
of  general  membrane  properties  would  short  cut  a  great  deal  of  the 
practical  viork2  consequently  making  a  useful  contribution  to  the 
understanding  and  assessment  of  membrane  properties.  One  means 
of  accomplishing  this  would  be  to  find  an  accurate  and  accessible 
analogue,  system. 
The  obvious  first  choice  for  such  a  model  would  be  the 
poly-electrolyte  salt  solutions  from  which  the  membrane  matrix 
is  formed.  This  choice  would  give  a  ternary  solution  system 
when  the  imbibed  electrolyte  in  the  membrane  matrix  was  considered. 
Transport  processes  would  be  evaluated  at  equal  molalities  in  the 
membrane  and  model.  Data  on  the  transport  properties  of 
polyelectrolyte  solutions  and  their  ternary  mixtures  with  simple  salts 
is  howaver  insufficient  to  allow  this  model  to  be  useful.  This 
particular  system,  providing  that  the  polyelectrolyte  undergoes  no 
confor=-otional  changes  would  give  the  most  accurate  comparison 
to'the  exchanger  membrane. 
A  much  simpler  model  system,  to  the  extent  of  presenting  a 
limiting  case,  is  the  analogy  to  a  simple  aqueous  electrolyte. 
.  It  is  proposed  that  the  membrane  is  modelled  by  an  equimolal 
electrolyte  solution  where  co-ion  of  two  types  are  present, 
co-ion/ 
4 35. 
co-ion  species  (2)  as  before  and  co-iong  species  (4)  which  is 
fixed  relative  to  the  membrane  matrix.  The  relationchip  of 
these  two  species  is  taken  to  be  that  between  chemically  identical, 
but  physical  distinguishable  isotopes.  In  order  for  this  model 
to  function,  the  aqueous  electrolyte  must  be  chosen  carefully  in 
such  a  way  that  its  anion  and  the  fixed  charge  on  the  membrane 
matrix  exhibit  similar  kinetic  behaviour.  Thus  by  adapting  the 
phenomtPological  coefficients  of  a  simple  binary  solution  and- 
making  them  apply  to  a  ternary  solution  of.  the  same  electrolyte 
containing  the  isotopic  anion  species  (2)  and  (  4)  -a-precise 
definition  of  the  phenomtDological  coefficients  of.  the  model 
can  be  expressed. 
As  the  accuracy  of  the  model  depends  on  the  similarity 
existing  between  the  matrix  fixed  charge  and  the  solution  anion 
chosen  to  model  it,  comparison  between  them  must  be  examined. 
The  Salt  Model  calculation  presented  was  developed  from  observations 
made  on  the  A.  M.  F.  C  60  membrane  described  in  section  (3-3)  - 
(1)  (2)  (3) 
Paterson  &  Gardner  using  the  method  of  Arnold  and 
Koch 
(4) 
prepared  an  expanded  form  of  the  A.  M.  F.  C  60  membranep 
c  60E'  Section(4-1.4-1.  )  The  PhYsical  properties  of  both  the 
expanded  C  60E;  and  the  normal  C60111  were  obtained  in  sodi=  chloride 
solutions  in  the  concentration.:  range  0.1  -  2.  OYj  these  are  shown 
in  Table  (3-1).  14.1he  e.  xpanded  membrane  C  60.  "E',  takes  up  more  salt  -C 
2 
than  the  normal  C  6MP  at  each  concentration.  of  external  electrolyte 
and  the  salt  uptake  ranges  from  0.2%  of  the  total  capacity  for  the 
'normal'  in  0.2.  U,  NaCt  (ext.  )  to  221%o  for  the  'expanded'  in  2.  CM  (ext.  ) 
Figures  (3-1)  (3.2)  (3-3)  (3-4)  show  the  results  of  isotope  diffusion 
and  electrical  studies. 
The  flows  of  both  ions  and  water  are  larger  in  the  more  open 
structure  of  the  expanded  membrane  and  in  general  decrease  as  both 
membranes  shrink  when  equilibrated  in  more  concentrated  solutions. 36. 
This  can  be  attributedý  at  least  partially,  to  the  increasing 
obstruction  of  the  polymer  matrix  as  the  diffusional  pathways 
become  more  tortuous  and  the  fractional  pore  Volume  decreases. 
For  electrical  conductivity,  Fig.  OAS)  there  is  the 
additional  effect  of  increasing  uptake  of  salt  by  the  membrane, 
which  tends  to  increase  the  conductivity.  These  opposing  effects 
almost  cancel  for  C  6CN  above  0.,  1M  Nacl  (ext.  )q  but  increased  salt 
uptake  in  the  C  60E  more  than  compensates  the  effect  of  increasing 
tortuosity  (and  decreasing-pore-volume)  and  at  higher  concentrations, 
specific  conductivity  increases.  In  figure  (3.2)  isotopic  diffusion 
coefficients  for  counter-iong  co-ion  and  water  (determined  using 
tritiated  water)  show  similar  diversity  between  the  C60N  and  C60E 
membranes  and  there  is  little  to  suggest  the  common  source  of 
these  membranes  at  this  stage,  However,  when  scaled  by  the 
tortuosity  factor  eM  calculated  by  Meares 
(5), 
for  path  length 
tortuosity,  the  two  setz  of  data  for,  C 
60N  and  C 
60E  coincide  and 
are  close  to  the  correspondin,;  values  for  sodium  ion 
(6) 
chloride  ion 
(6) 
and  tritiated  viater 
(7) 
in  equivalent  equimolar 
aqueous  solutions  of  sodium  chloride.  Fig.  (3.2). 
The  scaling  factor  eM  is  used  outzrith  the  terms  of  reference 
of  Meares'  original  derivation  '(5),  hovieverv  using  epI  Prager's 
estimate 
(8) 
obtained  from  a  more  generalised  treatment 
alternative  value2  D 
ii 
E) 
p  are  some  15%  lower- 
The  mobilityg  I 
ik  and  frictional,  R 
ik  coefficients  which 
measure  the  kinetic  interactions  of  the  counter  ion  and  co-ion  and 
water  with  each  other  and  with  the  exchanger  matrix  were  obtained 
for  both  membranes  using  irreversible  the=odynamics 
(1)  (2)  (3) 
The  matrix-fixed  frame  of  reference  is  used  for  the  membrane 
mobility  coef.  -Lpicients  while  solution  flows  are  measured  relative 
to/ 37. 
to  a  stationary  solvent.  Therefore  for  a  direct  comparison  of 
membrane  and  solution  the  membrane  14k  coefficients  must  be  converted  to 
solvent-fixed  frame  of  reference  and  designzted  L  ik* 
By  using  a.  these  can  be  corrected  for  path  tortuosity  becoming 
L 
ik 
()m  and  can  be  compared  with  the  coefficients  for  sodium  chloride 
solution  at  closely-corresponding  concentrationsiTable  (3-7r)# 
The  agreement  between  the  membranes  and  an  equivalent 
sodium  chloride  solution  is  good  and  indicates  that  membranes 
and  solutions  are  similar  when  allowance  is  made  for  tortuosity. 
The  intrinsic  mobility  of  sodium,  11104  /M 
t  increases  as  the 
internal  electrolyte  concentration  decreases  although  more  markedly 
-in  the  membrane  than  in  solution.  Both  sulphonate  in  the 
membrane  and  chloride  in  solution  show  larger  intrinsic  mobilities 
L,  e/  than  the  sodium  (both  large  order  destroying  ions), 
22  m 
Although  the  cation-anion  coupling  L 
14 
E)  /.  is  of  the  same  order 
of  magnitude  in  the  membrane  and  solutiongthe  corruspondence  for 
this  coupling  is  least  satisfactory,  Overall  the  best  agreement 
is  obtained  between  the.  expanded  mLbrane  (2.13  internal  molality) 
and  the  sodium  chloride  solution  of  molality  2.09. 
In  each  case  the  purely  geometric  smlin,  factors  e,,  Op 
7 
bring  the  C  6C21  and  C  60E  data  into  good  agreement  with  equimOjW 
solutions  for  sodium  chloride. 
The  experimental  values  for  the  electro-osmotic  transport 
n=ber  t3  9equation 
(2.26)grange  from  15-77  for  C60E  (O.  lM,  external) 
60N 
(2.  CIL,  external)  and  at  each  correspondiner  to  5.48  for  the  C 
external  salt  concentration  the  transference  "ors  for  the  0 
60E 
are  greater  than  for  thu  C  We  However,  in  the  plot  of  t3  against 
molality  of  membrane  electrolyte,  the  data  for  both  C 
60E  and  C 
6al 
combine  in  a  sinn.  1 
(9 
-le  curve  64ieig'er  has  shown 
0 
that! U 
38. 
that  a  large  number  of  exchangera0bey  the  empirical  equation 
t3 
C3/6 
wheroU  3' 
UI  are  the  respective  capacitie 
.3 
of  water  and 
1 
counter-ion  in  moles/litre  of  exchanger  andjS  =  0-50-  Fig-  0-5) 
shows  that  the  ratio 
t 
3/h  is  a  linear  function  of  the  concentration 
gradient  and  has  the  slope  0-576, 
Once  aguin  the  properties  of  normal  and  expanded  membranes  are 
shoy,  n  to  obey  a  comon  law  and  it  is  of  interest  to  examine 
the  significance  of  this  relationship. 
From  the  equations  (2.26a)..  (2;  27)  and  since  Ji.  C 
ivi. 
4 
where 
Ci  is  the  conceptration  and  Vi  4  the  velocity  relative  to  the  membrane 
t3/t,  becomes 
t3/t  1  C3V3  4C1v14 
The  ratio  V3  4/V 
14  isthereforea  constant  equal  to  0.576  for  C  60 
membranes  in  normal  and  expanded  forms  under  all  conditions  studied. 
To  examine  the  analogue  with  aqueous  electrolyte  solutions  the 
velocity  V14  must  be  converted  to  a  solvent  fixed  frameof  reference 
V13.  Then 
V34  /VJ4  V4  3/  (V 
13-  V4  3) 
=.  0-576 
whichon  rearrangement  gives  that  the  velocities  of  sulphonate-matrix 
to  sodium  counter-ion 
.V43 
#13  .  1.36 
This  shows  that  these  two  ions  have  similar  velocities  relative  to 
water  solvent.  The  sulphonate-matrix  ion  has  therefore  much  in  common 
with  a  simple  order  destroying  anion  such  as  chloride,  which  has 
slightly  greater  mobility  than  sodium  ion  in  aqueous  solution 
(in  the  same  concentration  range  as  the  internal  electrolyte 
concentration  in  the  membrane).  In  concentrated  sodium  chloride 
,V33=1..  -1  --  increasing  the  mobility  ratio  cl/VNa 
70-7ae  fact.  thaV 
concentration  of  salt  in  the  membrane,  up  to  22ý  has  no  effect 
upon  the  mobility  ratio  is  a  good  indication  that  from  a  kinetic 
standpoint/ 39. 
standpoint,  sulphonate  and  chloride  are  to  a  degree  similar. 
Therefore,  as  a  consequence  of  this  similarity,  exhibited  between 
the  sulphonate-matrim  fixed  charge  of  the  membrane  and  the  free 
chloride  ion  of  the  binary  solution,  the  polystyrene  sulphonic 
acid  membrane  can  be  modelled  by  a  sodium  chloride  solution  of 
equal  molality  to  that  of  the  exchanger  membrane.  It  is  a  basic 
assumption  of  this  model  that  the  polymer  matrix  makes  no  reactive 
contribution  to  the  membrane  transport  processes.  Howeverl 
because  of  the  random  orientation  of  the  polymer  chainsg  and 
cross  linking,  the  matrix  creates  intricate  pathways  to  which 
the  mobile  species  are  restricted.  Thus  the  phenomenological 
coefficientsiobtained  from  the  binary  solution  system  to  represent 
-heir  basic  the  ternary  solution  modellhave  no  account  taken,  in  t 
formv  for  this  tortuosity  correction  imposed  by  the  polymer  matrix. 
Major  deviations  between  the  observed  transport  parameters  and 
those  predicted  by  the  model  can  also  be  considered  as  indications 
of  this  steric  polymer  effect.  for  instance  the  orientation  of  the 
polymer-fixed  charge  may  cause  siructuring  of  the  pore  solution 
to  some  extent  different  from  that  of  the  free  solutions  and  might 
also  impose  a  degree  of  coupling  or  ion  pairing,  especially  with 
di  or  tri-valent  cations.  Homogeneous  membranes  which  are  not 
very  denselor  membranes  with  large  pore  cross-sections  would  have 
local  ionic  distributions  which  differed  greatly  from  those 
of  the  aquecus  binary  model,  thus  the  po2ýmer  matrix  would  a6ain 
affect  the  transport  processes  to 
the  aqueous  ion  permeable  regions 
essentially  homoSeneous  phase,  it 
of  charges  might  approximately  re 
electrolyte  solution,  ana  in  this 
membrane/ 
a  very  great  extent.  Ifj  however, 
of  the  membrane  constitute  an 
is  conceivable  that  the  dist.,.  ibution 
present  those  ih  an  aqueous 
range  a  salt  model  would  predict 40. 
membrane  properties  in  at  least  a  semi-quantitative  fashion. 
The  choice  of  a  salt  model  based  on  a  ternary  isotopic 
solution  allows  precise  evaluation'of  model  coefficients. 
The  theory  of  isotopic  diffusion  and  the  identification  of 
-isotope-isotope  coefficients  has  been  developed  by  Laity 
(10) 
(11) 
and  by  Kedem  and  Essig 
. 
The  theoretical  treatment 
presented  owes  much  to  these  papers  and  is  developed  primarily 
to  express  frictional  interaction  in  the  isotopic  ternary 
solution  in  terms  of  those  of  the  parent  binary  electrolyte 
and  the  isotopic  diffusion  coefficient  for  co-ion. 
As  stated  previously  frictional  coefficients  R 
ik  are 
independent  of  frame  of  referencep  and  are  therefore  convenient 
for  this  presentation  as  a  change  in  frame  of  reference  is 
required  from  solvent  fixedg  for  the  binary  model  to  ion-W-fixed 
f  or  the  membrane. 
t 41* 
3.1  THEORY 
From  .  equation  (2.6)  the  phenomepological  equations  for  a 
cimple  binarysolution  are  given  by. 
xI=R 
11 
113+R 
12 
j233.  La 
x2=R 
21 
j13+R 
22J2 
3  3.1b.  ) 
where  the  flovis  of  both  cution  and  anion  are  expressed  on  a  solvent 
fixed  frame  of  reference.  Now  consider  another  solution  where 
cation  remains  uncharvgredt  but.  a  specified  number  of  anions  (2) 
are  replaced  by  a  chemically  identical  species  (4)  under-the 
condition  that  the  total  anion  con6entration  remains  unchanged  thus 
c2+c  (  ý.  2.  ) 
equation  (2.18) 
4 
xi  "2  JkRik  (i9k  -  19  22  4.  ) 
k=l 
gives  the  phenomtnological  equati  ons  for  the  ternary  system. 
X3.  =  'I'  li  13 
'+  r  12j2 
3+ 
r  14J4 
3  (3-3-1) 
x2  ý  r2lil 
3  +r  22j2 
3+ 
r  24j4 
3  3.3b) 
x4  =  r4ljl 
3  +*  r42j2 
3+ 
r  44j4 
3  (3-3c 
Assuming  the  Onsager  'Reciprocal  relationships  for  equations 
3-1)  and  (3-3) 
R  and  r  ik 
Rki 
ik  'ý  rki 
By  comparing  the  binary  and  ternary  systems  certain  relationships 
become  apparent. 
As  definedq  the  cation  situation  is  unchanged  and  as  ch-ngo 
in  anion  has  no  ef.  -fect  on  either  71  or  j13  then 
j33  and  Xx 
Alsol 42* 
Also  as  a  condition  of  the  model  and  from  (3.2 
.T3.3+j3  (3-4 
.2 
J2 
4 
From  the  Gibbs-Duhem,  equation  (  2,13)  for  both  binary  and  ternary 
solutions 
cIxI+C2x2= 
and  cIxI+  c2x2  +  04X4  'z 
the  expression,  (  3-5')  is  derived 
C2X2c2x2+c  e4  (3-5 
the  conditions-for  isotope  diffusion  of  co-ion,  i.  e. 
no  electrochemical  gradient  for  species  (1)  gives  that  x0 
3  J.  1  .  0.  As  no  bulk  flow  of  co-ion  takes  place 
23. 
j2  3+j430  (3.6 
thus  j2  3. 
_j  43  and  f  rom  3-5) 
c  2x2  '0  -  c2X4  (3-7) 
applying  these  equalities  to  (  Ma  )  gives 
r  12  r  14  and  fr=  the  O.  R.  R. 
r12  r  14  r4=r1 
Comparing  expressions  (  3-la  )  and  3-31a)  for  J, 
33.0 
and  J20  give  respectively  R 
11  r  11  and  R 
12  r-i  r12  '0.  "14 
and  comparing  (  3-lb  )  with  (3.3b  )(3.30  )  under  the  condition 
1ý0-)  where  2ý.  =  JXJ  -  rllxl  ?[2  '--  x2ý  X4  =  Zip  (=dd-X  Z2  4--  7W  using  R, 
give  s  the  equations  (3.8  )  z,.  nd  (3-9  ) 
R 
22J2 
3r 
22j2 
3+r 
24j4 
3  (3-8 
R  212 
3 
r42j2 
3+r 
44j4 
3  (3-9 
Since  co-ions  (  2)  and  (4)  are  chemically  identical  they  hzve  the 
same/ 43. 
same  electrochemical  mobility,  v,,  under  an  applied  electric 
potential  gradientg  such  thant  J.  -C  vig  th6refore  (  3-8) 
and  (  3-9  )  become 
02R22  ý  C2  r  22  +  c4  r  24  ý-  c2  r  42  +  04  r  44 
(3-10  ), 
P,  gain  under  the  conditions  for  isotopic  diffusion  of  co-ion, 
with  no  gradient  of  electric  potential,  salt  concentration, 
or  pressure  potential,  the  thermodynamic  forcesX. 
i  reduce  to 
!  Vi  d1n.  c  -do 
RT 
RT 
3.11  dic  dx  c  dx 
where  i  2l4) 
Using  equatior-SO.  6  )  and  (3-11)  equations  (3.3b  3.30)  give 
j2  RT  (  -do  2)  3'.  12 
c  (r 
_r  dx  2  22  24) 
4  RT  (  -do  4)  (3-13) 
c4  ýr44_r42)  dx 
which  on  compdrison  with  Ficks  Law  of  Diffusion 
=  D.  (_dCl 
i  ii  cix 
gives  the  expression  for  the  diffusion  coefficient  of  co-ion 
D 
22  =  'Tlc2(r 
22-r24)  'ý 
RT/c 
4(  r44-r42)  (3-14) 
using  equation  (3-1,0)  a  single  equation  for  D 
22  and  D 
44  can 
be  obtained  (3-15)  expressing  the  diffusion  coefficients 
in  terms  of  the  direct  frictional  coefficient  of  anion  R 
22 
and  the  total  concentration  of  anion  C2  in  the  binary  and 
r  24  the  isotope-isotope  frictional  coefficient  of  the  ternary 
D 
22  -D  44  -C 
RT 
-r24)  -0.15)  2  (R22 
Rearranging  (3-15)  gives 
(R 
RT 
2  22  24)  -  D22 
and  apPlyin,  -. 1,  (  3.2  )  and  equation  (3-10)  the  expressions 
(3-16)  (3-17)  and  (3.33)  for  the  frictional  coefficients 
24'722' 
r  44  are  obtained. 44. 
RT 
r  24  r  42  0  'R22  +c2D 
22 
(3-16) 
rR+ 
24  IT  (3-17) 
22  22  02c2D  22 
R+ 
02  RT  (3-18) 
F44  22  04c2D  22 
Equaticns(3-17  )  (3-18  )  indicateý  that  the  direct  frictional 
coefficients  for  species  (2)  4nd  (4)  depend  on  their  ratios 
in  the  ternary  solution,, 
Finallyp  by  applying  the  identities 
3 
iýý  1CiR  ik  =0k  11  21  3 
4 
,: 
ý 
1 
cirik  ý0k=  11  2,39  4 
to  both  binary  and  -ternary  solutions  the  ion-water  frictional 
coefficients  can  be  found  by  considering  X3  in  the  former  and  x 
in  the  latter. 
Rr  and  Rý-ýZ  r  13  13  ý3  "  r23  43 
R  33  =r  33 
indicating  that  the  ion-water  interactions  are  the  same  in  the 
model  ternary  and  the  simple  binary  solution3,  This  completes 
the  evaluation  of  the  model  ternary  matrix  from  the  binary 
solution  information. 
3.1.1 
PhenomO-nological  Eguations  on  a  Membrane  Fixed  Frame  of  RefeMcq. 
While  comparihg  the  frictional  coefficients  of  the  ternary 
Solution  model  with  the  simple  binary,  it  was  necessary  to  consider 
the  flows  of  each  species,  in  the  normal  solution  fashion,  with 
respect  to  fixed  solvent.  However,  in  order  to  use  th3  ternary 
soiution/ 45. 
solution  system  to  model  an  ion  exchange  membrane,  defining  the 
membrane  spe  ,  cies  as  (1)  counter  ion,  (2)  co-ion  (taken  up  as 
salt  in  the  imperfect  membrane),  (3)  solvent  water,  (4)  fixed 
charge  (including,  surrounding  polymer)$  the  flows  of  these 
species  must  be  measured  relative  to  the  membrane  matrix,  i.  e. 
to 
Redefining  the  phenomenological  equations  (3.3) 
x1ar  liji 
4+r 
l2j2 
4+r 
13  i34  (3-19a) 
4+r4+r4.  (3.19b)  X2  "  r2ljl  22J2  23j3 
x4  ýr  31jl 
4+r 
32j  24+r  33j  34-  (3-19c) 
where  j4  is  defined. 
j4.  (j  31j  3) 
C' 
iiC44* 
In  the  model,  with  the  exception  of  the  direct  frictional 
coefficient  of  co-ion  r  22;  the  frictional  coefficients  are 
defined  directly  from  the  binary  solution. 
r  22 
is  dependent  on  D 
22  the  isotopic  diffusion  coefficient 
and  the  ratio  of  species.  (2)  and  (4)  defined  by  the  model.  Thus 
r  22  is  inversely  dependent  on  the  salt  uptake  of  the  membrane 
a  feature  also  observed  in  experimental  studies  of  ion  exchange 
(2) 
membranes 
3.1.2 
Scaling  Factors  due  to  Membrane  Tortuosity 
Equations  (3-19)  represent  a  model  of  a  membrane  in  which 
,  no  account  has  been  taken  of  the  effect  of  the  polymer  matrix. 
This  model  assumes  that  the  membrane's  properties  are  determined 
by  the  fixed  ions  on  the  polymer  matrix  and  that  these  correspond 
to  simple  anions  in  solution.  Howevert  membrane  processes,  will 
be/ 46. 
be  caffected  by  the  polymer  matrix  creating  tortuous  diffusional 
pathways  through  which  transport  must  occur.  Because  of  this  a 
scaling  factor  must  be  derived  which  will  change  the  phenomenological 
coefficients  of  the  ternary  model  in  such  a  way  as  to  account  for 
this  polymer  effect. 
Generally  membrane  concentration3  are  expressed  in  moles  cm73 
of  the  total  membrane  volume  U2  i.  e.  polymer  matrix  and  imbibed  water 
where 
E=  VC  and  V  is  the  fractional  aqueous  volume  (pore  volume) 
of  the  membrane.  Similarly  flow  across  the  membrane 
Y  is  expressed 
in  units  of  flow/unit  area  of  exposed  membrane,  1-  jV  1 
where  V1 
is  the  ratio  of  pore  to  geometric  area  at  the  membrane  surface. 
The  membrane  is  defined  as  homogeneous  in  macroscopic  terms  if 
1.  v  V. 
If  the  geometric  thiclmess  of  the  membrane  is  represented  by 
Z(  then  due  to  the  tortuousity  of  the  polymer  matrix  the  diffusional 
path  1Q.  nr,  4&Oh  will  be  dG  which  corresponds  to  a  solution  which 
presents  a  path  length  d  where  e  -n,,  l. 
Fick's  equation  for  isotopic  diffusion  of  co-ion  can  ba  used 
to  illustrate  the  effects  of  thsse  scaling  factors. 
j2  =  -D  22  4ý  C2/d  (  3.20) 
becomes 
D 
22 
Ar2 
1  (3.21)  ý2/Vl 
6av 
and  if  Vl  =V  (for  a  homogeneous  membrane) 
D 
22 
20d 
So  that  D22/8  322  (3.22) 
The  diffusional  coefficient  of  co-ion  in  the  tortuous  membrane 
D  22  -D  22/e  using  this  salt  model  calculation  and  so  is  smaller 
than  in  free  solution.  Using  barred  symbols  to  represent  the 
membrane. 
RT 
(3.23) 
D 
22  C2  (It22 
-R  24) 
and/ 47. 
and  consequently 
22  '--  r  22  V  and  R24  "  'r24  V 
Since  this  analysis  can  be  applied  to  the  forces  and  flows  in 
the  phenomtxological  equation  3.19)-  it  is  generally  true  that 
ik  ý  'ik  V 
Therefore,  due  to  the  inverse  relationship  between  the  frictional 
and  mobility  coefficients 
.I  ikV 
ik 
E)  may  be  derived  by  either  the  method  of  Prager  giving.  e 
p9  or  by 
that  of  Meares  for  the  path  tortuosity  eM  Section  (5.2.1) 
The--salt  model  calculation  S.  M.  C.  however  defines  e  as  D 
22/D  22 
and  as  Gs  will  be  used  in  the  comparison  of  experimental 
membrane  par,  =eters  with  those  calculated  by  the  Salt  Model 
Calculation  given  in  the  following  sections. 
The  frictional  coefficients  for  the  model  membrane  system 
and  their  relation  to  solution  coefficients  can  thus  be  shown 
21 
R 
31 
R 
41 
R  12  R  13  R  14 
R  11  R  12  R  13'  R12 
22 
R  23 
R  24 
R 
21  r  22  R  23  ''r24  E) 
R 
32 
R 
33 
R 
34 
R 
31 
R 
32 
R 
33 
R 
32 
X 
R42  R 
43 
R44  R 
21  r42  R23  r44 
S.  U.  C.  Membrane  Solution 
where  r22*  r  24  and  r44  are  defined  by  equations(3-17)  (3-16) 
(3-18)  respectively. 
An  estimate  of  the  frictional  coe;  ficients  for  an  experimental 
membrane  may  therefore  be  obtained  from  (1)  a  knowledge  of  its 
physical  dimenttcns,  (2)  the  concentration  of  ions  and  water  in 
the  membranep  and  (3)  the  co-ion  diffusion  coefficient. 48. 
3.2  Application  of  the  Salt  Model  Calculation 
The  isotopic  model  imposes  certain  basic  conditions. 
Since  the  co-ion  (2)  and  matrix  fixed  charge  (4)  are  taken  as 
. chemically  identicil,  the  transport  number  of  co-ion  t2  will  be 
zero.  The  ch--nge  of  frame  of  reference  tomdrix  fixed 
automatically  requires  co-ion  to  be  stdLonary  relative  to  (4) 
in  an  electrical  experiment. 
3.2.1  Specific  Conductivity 
The  specific  conductivity  K  is 
independent  of  the  frame  of 
reference  chosen  and  as  this  can  be  defined  by  the  mobility 
coefficients_.  equation  (2.24).  "Cle  S.  M.  C.  predicts  the  specific 
conductivity  of  the  membrane  K  can  be  determined  from  the 
specific  conductivity  of  the  equivalent  equimolar  sodium  chloride 
solution,  K,  by  equation  (3.24) 
R=  g-  V6  (3.24) 
3.2.2.  Electro  Osmotic  Transnort  Number 
-In-membranes  the  electro-osmotic  flow  of  water  is  generally 
measured  with  respect  to  the  stationary  matrix  (4), 
therefore  in  the  S.  M.  C. 
2j 
2ý  (;  (V  -v  )p  (3.25) 
t34.  t3332  /1 
In  the  binary  solution  the  flows  of  both  cation  and  anion 
are  measured  relative  to  the  solvent  water.  Thereforep  the 
transport  n=ber  of  the  anion  in  the  binary  is 
3, 
3= 
Y2  Z2c2  (V 
2- 
V3)F 
-Z  2c  2(V3  -  V2)V 
t211mI-  (3,,  26) 
Comparing  equations  (3125) 
and  (3.2ý)  gives 49. 
t3t2  (3.27)  z2c2 
and  since  in  the  binary  solution  ZC=  -Z  C  ý122 
t 
!  ý_  t3  (3@28)  3C12 
Therefore  if  the  capacities  of  both  water  and  counter  ion 
are  known  for  any  membranelin  any  proportion,  the  t3  can  be 
directly  determined  from  the  co-ion  transport  numbers  of  the 
corresponding  binary  solution. 
, 
3.2.3.  Salt  Flow  and  I'later  Flow 
F  or  a  1:  1  electrolyte  equations  (2-41)  and  (2-43)  Give 
=1.1 
2)  -dU12 
+  (1  C(t  t 
--du 
'T  S 
(111122-112 
13  -1  3) 
( 
d? 
w 
(l 
13  -  eltit  3)(-dPl2  +  (1 
33  -  cf.  t3 
dx 
Hoý.  vever  since  in  the  S.  M.  C.  t=01  equation  (2.25) 
21 
gives  that  1 
12  =1  22% 
therefore  Js  and  Jw  become 
JS 
22(  )+I  -dj,  1  (3.29) 
dx  23(  d- 
and  -d  2«  -dp 
iw=1 
22( 
P12  ý  133  -  t3  (3-40) 
therefore  in  the  salt  model  calculation 
1  22  =L 
ss 
1  23  'ý  1  32  '-'  L 
sw  and 
(1 
33  t3  o(  )-L 
wW 50. 
3.3  Comparison  of  tho  Plien2LenOlogdcal  Coofficients 
Calculated  with  t  hose  Observod 
The  frictional  coefficients  for  the  binary  (sodium  chloride) 
model  electrolyte  were  obtained  from  Miller's  tabulated  data 
(12 
and  isotopic  diffusion  coefficientsp  for  chloride  co-ion,  taken 
from  Mills 
(6  ). 
Since  molarity  C,  ol  the  species  relative  to 
unit  volume  of  aqueous  pore  solution  is  nol,  defined  unequivocally, 
this  concentration  was  estimated  by  assuming  the  ratio  of  molarity 
to  molality  to  be  the  same  in-the  membrane  as  in  an  equimolar  aqueous 
sodium  chloride  solution  at  25  OC. 
Frictional  coefficients  obtained  from  experimental  data 
and  from  the  salt  model  calculation  for  0.111  (external)-are 
given  in  liable(3-3)  The  correction  factors  accounting  for 
the  tortuous  'pores'  of  the  matrix  e/V  were  estimated  using  the 
ratio 
D 
22/  D  as  suggested  by  the  model  and  those  of  Meares 
22 
and  Prager  as  discussed  in  section  (5.2.1.  These  three 
methods  designated  (S)  (.  U)  (P)respectively  are  used  in  all 
tabulated  data. 
Before  making  a  detailed  comparison  between  this  simple 
model  calculation  and  the  observed  properties  of  membranesv  it  is 
of  interest  to  note  that  the  model  p=edicts  that  a  value  of  R 
22 
the  direct  frictional  coefficient  of  co-ion  in  the  membrane  may  be, 
directly  determined  from  the  isotopic  diffusion  coefficient  of 
co-ion  in  the  membrane  33 
22  providing  the  ratio  of  fixed  charge  to 
co-ion  concentration  is  large,  equations  (3-14)  (3-16)  (3-17). 
For  most  binary  electrolytes  the  function  RT/ýC- 
2D22 
is  of 
the  same  order  of  magnitude  as  R  22' 
For  example  in  aqueous  sodium  chloride  at  3U  the  function  is 
some  2Vjý  smaller  than  R22, 
If  the  co-ion  to  sulphonate  friction  in  the  experimental 
membrane/ 51. 
membrane  is  even  approximately  equal  to  r  24  of  the  S.  M.  C.  then 
i 
22  X 
RT/E2D22 
The  overall  agreement  between  calculated  and  experimental  coefficients 
is  goo4;  the  values  calculated  follow  in  detail  the  trends  and  magpitudes 
presented  by  the  data  determined  from  experimental  measurements 
(2 
There  is  particularly  good  agreement  between  calculated  and 
experimental  values  of  R  22  and  R 
44 
(  for  the  C  6CS)  0.1M  external 
the  correspondence  is  almost  coincident)  which  largely  justifies 
the  basic  assumptiom  of  the  Salt  Model;  i.  e.  that  aqueous  chloride 
and  sulphonate-matrix  anions  have  similar  kinetic  characteristics. 
For'both  normal  and  expanded  membranes,  i.  O.  IM  (external)  the 
salt  uptake  is  small  and  R 
44 
is  given  to  a  good  approximation  by 
the  solution  coefficient  R 
22/ 
Table  (3.3)  equation  (3.18)- 
t 
V 
Equally.  the  very  large  values  for  i 
22  are  explained  by  the  dominant 
-contribution  of  the  concentration-ratio., 
c  4/0 
2  in  equation  (3,17)- 
The  lower  value  of 
i 
22 
in  the  expanded  membrane  C  60E 
(O.  IM  external) 
is  caused  primarily  by  the  greater  uptake  of  co-ion  Cp  reducinz  2' 
the  0  4/02  rat'09  since  the  value  of  the  direct  frictional  coefficient 
R 
22  in  the  model  solutiong  is  largely  unaffected  by  the  change  in 
concentration  from  2-87M  in  C  6W 
(0.7  external)  to  2.10  in 
-C  60E 
(O.  JM  external).  The  direct  frictional  coefficients  for  sodium 
ion  and 
. 
waterg  Rl,  and  R 
339are  over-estimated  to  a  similar  extent 
by  the  S.  M.  C.  particularly  in  the  more  concentrated  norm-al  membrane 
C6011  (0.1M  external).  Ion-to-rater  coefficients  R 
13  and  R 
34 
indicate  that  tha  sodium  ion  Etna  sulphonate-matrix  have  simillL.  - 
water  interExtions  to  sodium  ion  and  chloride  in  the  solu-1-  tion  model. 
Apart  from  two  striking,  e-xamples  of  disagreementt  the  co-ion  to  Z> 
wat  er/ 52, 
water  friction  .  -R  and  the  counter  ion  to  co-ion'friction  -.  111  23  12 
which  are  diffic.  ilt  to  explain,  the  S.  M.  C.  shows  remarkably  good 
agreement  trith  the  experimental  datag  especially  so  when  the 
simplicity  of  the  basic  concept  is  considered. 
Mobility  coefficients,  I 
ik' 
for  the  systems  C60N  O"Y  (external) 
and  C  60E  0.1M  and  LOLI  (external)  are  shown  in  tables  (3-4)  (  3-5 
resPectively.  In  the  S.  M.  C.  for  a  1:  1  salt  I  (as  t=  0). 
1  12  ý  122 
2 
Once  adain  the  agreement  between  experimental  and  calculated 
coefficients  is  very  good  and'the  tortuosity  corrections  (S)and  (M) 
are  superior  to  the  Prager  value  (P)  forýall  coefficients  except  1 
23 
. 
and  1 
33 
both  of  which  are  under  estimated  by  the  S.  M.  C.  The 
experimental  value  of  1 
12 
is  small  and  cannot  be  determined  with 
confidence  for  the  membranes  equilibrated  in  O.  IM  (external)  as  the 
co-ion  uptake  is  very  low.  The  good  agreement  between  the  S.  M.  C. 
and.  observed  coefficients  1  22  indicates  (from  equaticn  (2.28))  that 
in  the  membrane  the  cross  coupling  coefficient  1  12  must  be  small. 
Horgever  in  the  expanded  membrane  C  60E 
(LOM  external)  the  salt 
uptake  is  some.  lelo  (of  the  total  capacity)  and  cannot  be  neglocted. 
For  this  membrane  the  S,  M*C*q  especially  (E),  is  in  good  agreement 
with  the  measured  experimental  values.  As  mentioned  previously 
the  S.  M.  C.  under-estimates  the  direct  mobility  coefficient  of  water, 
33" 
In  the  C  60N(O*  1M  external)  the  disagreement  is  very  small2 
less  than  2.  (Y;  'b'  (considering  CP)).  However  in  the  expLnded  membrane, 
c  (0*  1M  external)  and  (l.  VI  external),  the  degree  of  under-estimation  60B 
is  close  to  50%.  This  has  serious  consequences  when  using  the 
S.  M.  C.  to  predict  water  flow,  especially  in  the  desalination  predictions 
of  section  (6.1.4.  )  which  depend  pvilmarily  on  the  magnitude  of  1  33 
In  earlier  work  on  the  C60  membrane  in  order  to  evaluate 
the/ 53. 
the  full  lik  matrix,  approximations  were  made  which  involved  the  neglect  of 
certain  thermodynamic  coefficients  further  discussed  in  section 
(6.1.2.  In  particiilar  neglect  of  co-ion  to  water  coupling  1 
23 
was  found  to  be  valid  (1  1  The  S.  M.  C.  justifies  this  23  13 
assumption  for  the  C  60N  and  C60E  (0  AM  external)  since,  by  calculation2 
1  23 
is  less  than  1%  of  the  value  of  1  13  and  appears  only  in  the 
expression  (2.26a)  for  electro-osmotic  transference  number,  t  31  which 
can  normally  be  measured  only  to  an  accurary  of 
±  1.0%. 
.b 54. 
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TABLE  (3,2) 
A  Comparison  of  L  Coefficients  for  Sodium  Sulphonate 
Membrane  and  AqueouS  Sodium  Chloride  (250C) 
The  reference  frame  for  each  is  stationary  solvent 
System 
C 
60N 
C 
60E  Nael  NaCl  NaCl 
Internal 
. 
rsolality  2.87  2.13  2.09  2.64  3.20 
10  12 
x,  L  11 
1.27  2.37  -  -  - 
10l 
-2xL  44 
1.45  2*95 
10  12 
x'LJ4  0.63  1.64 
8  4.81  3.45  110  1.0  110 
10  12 
x:  L  11 
O/M  2.14  3*84  3.75  3*18  3.16 
10  12  x-L  44  O/M  2.64  4.77  5.79  51,10  5,,  06 
10  12 
x"L  14 
B/M  1,05  2.60  0.873  0.813  01605 
i2 
x4-  0.441.  0.363  -0.362  0.359  C.,  356 
Data  for  NaCl  taken  from  reference 
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Table  (3-4) 
blobility  coefficients,  X  ik'  for  C60N  and  C6C)E  rae-mbranes  in  sodium 
chlorift  solutions.  (0-11-1)  at.  25*C. 
Method  r 
11 
T 
12 
T 
22 
T 
13 
T2 
3 
-f3 
3 
mole 
2  J-  1 
S-1  cin-  x  10  12 
C60N 
1.47  -  0.0029  16.0  -.  0.159  547 
S.  M.  C.  1.65  0.0034  0.0034  20.7  0.065  475 
(M)  1.49  0..  0031  0.0031  18.6  0.059  427 
(P)  '1.84  0.0039  0.0039  23.6  0.075  540 
S.  M.  C.  19.9  0.0405  0.0405  247.6  '0.784  5673 
(Uncor  rectcd) 
C60E 
2.05  -  0.0103  33.6  1.07  1930 
S.  M.  C.  (S)  2.25  0.0099  0.0099  33.3  0.257  1152 
W  2.24  0.0099  0.0099  33.2  0.256  1149 
(P)  2.78  0.0122  0.0122  46.4  0.328  1425 
. 
somece  16.14  0.0722  0.0722  274.3  1.88  8423 
k  (Uncor  rected) 
0 63. 
TABLE  (1.5) 
Membrane-fixed  Mobility  Coefficients  for  C 
6DE 
in  1,0 
molar  Sodium  Chloride  (25  a  C)  (C2/CTotal  =  0,144) 
12 
1 
13 
1 
22 
1 
23 
1 
33 
x  10 
12  (male  2  3- 
1 
cm-l  S-1  ) 
Method 
Exptal 
(a)  2.09  0.210  -32.0  0.372  -12.3  1010 
(b)  2.09  01199  30.0  0.361  10,10  1076 
S.  MIC, 
(s)  2.40  0.29  28.6  0.29  511  570 
2.48  000  20.6  0,30  50  591 
3*33  0.41  39,6  0.41  7,1  792 
Assumptions  made  in  the  evaluation  of  parameters  from  experimental  data 
1 
23 
21 
33  13 
-  and  F2-C3  c32cIc3 
(b)  R 
22 
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4-1  EXPERIMMi-TAL 
4.1-1.  Reagents 
Unless  stated  to  the  contrary,  all  reagents  used  in  this 
study  v.  ere  AnalaP.  'grade. 
Solutions  were  made  up  with  distilled  water  from  an  all-glass 
still  in  re-calibrated  Grade  'A'  volumetric  glass-ware  at  200C. 
4.1.2.  Radio  Isotopes  and  Counting  Method 
The  radio  isotopes  used,  Sodium-222  Chlorine-36  were 
obtained  from  the  Radio  Chemical  Centre2  Amersham  as  aqueous 
solutions  of  sodi*um  chloride. 
The  radio  activity  measurements  were  madeutilising  a  dioxan 
W 
based  phosphor  suitable  for  aqueous  samples  on  a  Packard  Tricarb 
liquid  Scintillation  Spectrometer  Model  3003.  This  instrument 
had  an  automatic  sample  changer  and  pxint-out  device. 
Radio-active  samples  of  between  (0-10 
-  0-50  ml  .)  were 
added  using  a  Hamilton  micro-litre  syringe  to  10  ml.,  aliquots 
of  the  phosphor  solution  contained  in  polythene  Phials  supplied 
for  that  purpose  (More  Scintillation  Service,  Interexchange  Ltd.  ) 
The  Hamilton  micro-litre  syringes  used  throughout  the  work 
were  each  fitted  with  Chaney  adaptors  which  allowed  accurate 
volumes  re-produCible  to  ±  0.11%  to  be  delivered  each  time. 65s 
THE  IOIT-EXCMiGE  L  03RAITES 
The  A.  M.  F.  Cn  Sulphonated  Polystyrene  Membranes 
A.  M*Fj  C  60  graft  copolymer,  polyethylene/polystyrene  sulphonic- 
acid  cation  exchc'.  ngers  were  provided  and  manufactured  by  the 
American  Machine  and  Foundry  Companyp  Springdale,  Connecticut. 
The  basic  membrane  is  prepared  from  low-density  polyethylene  and 
35%  styrene,  the  styrene  copolymer  chains  are  cross-linked  with 
approximately  2,  %  divinyl  benzene. 
Chemical  free  radical  initiators  are  used  to  polymerise  the 
styrene  and  the  fixed  sulphonate  groups  added  by  reactine  with 
-  (2). 
6leum 
This  process  gives  a  mechanically  strong  light  brozm  exchanger 
consisting  of  microscopic  regions  of  alternate  crystalline 
polyethylene  and  polystyrene  sulphonate. 
Electron  micrographs  of  the  thorium  form(3)  show  inhomogeneties 
consisting  of  high  density  fixed  charge200  -  400oA  in  diameter 
distributed  in  an  even  fashion  across  the  membrane.  Thus  providing 
for  macroscopic  considerLtions  a  homogeneous  membrane, 
In  1966  Arnold  J:  Koch  reported  that  this  membrane  would 
expand  irreversibly  on  heating.  This  was  confirmed  by  later  work 
in  this  laboratory 
(5)  (6)  (7) 
The  heat  treatment  alters  the  physical  geometry  of  the  membrane 
and  affects  the  degree  to  which  it  will  take  up  both  salt  and  water 
cohs'equently  altering  its  properties. 
In  previous  work-only  two  types  of  this  membrane  were  considered, 
a  normal  form  designated  C 
6CW  which  had  undergone  no'heat  treatment 
and  a  single  expanded  form  C 
609  obtained  by  heating  at  one 
temperature  (9500)  for  a  specific'time  (; 
4-  hour).  Howeverý  in  this 
presentation  the  effects  of  he-tt  treatmcnt  upon  membrane  structure 
and/ 66. 
and  transport  were  investigated  more  systematically.  A  number 
of  membranec  were  heat  treated  for  varying  lengths  of  time  thus 
giving  a  range  of  membranes  with  approximately  the  same  ion  exchange 
capacity  per  unit  weight  of  dry  polymer  matrix  but  possessing 
I 
different  degrees  of  expansion  and  consequently  different  physical 
properties.  From  this  series  of  membranes  the  relative  effects 
of  expansion  on  various  membrane  parameters  and  properties  were 
examined  and  trends  and  relationships  between  degree  of  expansion 
and  membrane  transport,  especially  under  an  applied  pressure  gradient, 
determined. 
XR-  170  Perfl4O  Sulphonic  Acid  Membranes 
The  other  membrane  used  in  this  study  was  the  Nafion 
0  PerfluXo  Sulphonic  Acid  cation  exchanger.  This  is  a  new  membrane 
produced  by  Du  Pont2  the  composition  is  currently  called  XR 
and  consists  of  a  perfl 
0o 
carbon  sulphonyl  fluoride  resin  IIX 
produced  by  polymerising  tetra  fluorethylene  with  P-  polyBulphanyl 
fluoride  vinyl  ether. 
This  resin  can  be  completely  saponified  with  hot  caustic  and 
-treated 
with  strong  acid  (nitric)  to  give  the  hydrogen  form  of  the 
exchanger.  This  membrane  thus  consists  of  alhomogeneous' 
polymer  not  a  copcl7--er  as  does  the  C 
60*  Unlike  the  C  60  these 
Inembranes  are  not  crosz  linked,  the  polymer  chains,  however,  are 
intertwined  at  various  points  and  the  sulphonate  Groups  are  clustered  with 
associated  counterions  in  the  interstitial  volume,  i.  e.  between  the 
polymer  chains.  The  membrane  matrix  posseszes  good  mec*ical  properties 
and  the  polyme.  is  chemically,  oxidatively  and  thermally  very  stable, 
In  visible  liEht  it  has  a  water-clear  transparency. 
By  adjusting  the  proportions  and  distributions  of  the  comonomers 
and  varying  the  length,  molecular  weight,  and  molecular  weight 
distribution  of  the  precurs=  chains  the  proporties  of  the  resin 
, 
can/ 67. 
can  be  altered.  Using  this  procedure  Du  pont  have  prepared  three 
'Nafion'  membranes  in  the  XIIýýO  series  each  having  different  fixed 
charge  capacityý  with  respect  to  dry-matrix.  These  membranes  were 
investigated  in  this  research. 68. 
Cellulose  Acetate  Membranes. 
The  cellulose  acetate  membranes  used  in  this  research  were 
supplied  by  the  Atomic  EnerL-y  Research  Establishment,  Harwell. 
The  membranes  viere  obtained  in  a  final  cast  form,  but 
,e  acetate  had  undergone  no  heat  treatment.  As  these  cellulo-r 
membranes  were  involved  in  a  research  projcct  at  Harwell,  no 
definite  data  on  the  casting  process  viere  available.  However, 
a  typical  casting  process  is  as  follo-Ns:  - 
The  casting  solution  is  a  mixtura  of  cellulose  acetate  powder, 
formamide  and  an'inorganic  salts  usually  magnesium  perchlorate, 
in  the  proportions  22:  67110:  1- 
The  solution  is  cast  at  00  to  10  0C  on  to  a  cold  glass  plate. 
A  uniform  film  thickness  is  obtained  by  passing  an  inclined  knife 
over  the  surface. 
The  casting  solvents  are  allowed  to  evaporate  at  low  temperatu=es 
after  w1dch  the  membrane  is  immersed  in  cold  -..  ater.  The  product  is 
normally  a  thin  film  membrane  100  p  thick. 
The  casting  powder  is  normally  cellulose  triacetatet  however, 
in  a  number  of  effective  monomer  units  (taken  as  'i  Ce7o  (0'  )3) 
acetylation  is  incomplete,  hence  all  cellulose  acetate  membranes 
contain  some  residual  carbo.  -Wl  groups.  These  carboxyl  groups  and 
the  carbonyl  groups  of  the  lacetyll  are  thought  to  be  important  in 
the  rejection  mechanism  of  these  membranes. 
The  cellulose  acetate  membrane  consists  of  two  layers,  a  backing 
layer  (-v.,  hich  makes  up  almost  the  whole  membrane  thickness)  of  spongy 
cellulose  acetate.  This  layer  has  Pores  O-lpin  diameter  On  top 
of  this  spongy  layer  is  a  very  dense  layer  called  the  active  layer 
some  0.25  p  thick.  it  is  this  dense  layer  which  desalinatest 
Ifl 69* 
If  solution  is  passed  firzt  through  the  active  layer  into  the  backing  layer, 
the  membrane  rejects.  If,  however,  the  concentrated  solution  is  passed 
in  the  other  direction7  i.  e.  first  through  the  backing  layer,  the 
membrane  does  not  apparently  reject. 
The  two  cellulose  acetate  membranes  used  were  each  heated  in 
a  water  bath  for  thirty  minutes,  one  at  800C$  the  other  at  850c. 
They  were  then  equilibrated  in  solutions  of  O.  IOYL  Nael.  The 
membranes  were  stored  in  0.10M  Nael  solution  and  were  taken 
from  these  for  use. 70. 
4-1.4  NUT  TMMMIT  AND  CUTTING 
4-1-4-1-  A-M-P-  C60  Membranes. 
The  membranesp  as  obtained  from  the  manufacturers  were  stored  in 
distilled  water  to  which  some  sodium  benzoate  was  added  to  prevent 
fungal  and  bacterial  growth  and  the  storage  vessel  was  kept  sealed. 
For  all  scientific  purposes  discs  of  membrane  were  used.  The 
C  60  normal  membranes  were  cut  from  sheets  of  wet  membrane  sandwiched 
between  layers  of  hard  filter.  paper. 
The  cutting  tool  was  manufactured  from  brass  tubing  approximately 
3.8  cm.  in  diameter  to  which  a  very  keen  cutting  edge  was  machined. 
By  careful  i!  otation  of  the  cutting  tool  uniformly  circular  discs  were 
obtained  which  had  cleanly  cut  edges  and  hence  were  suitable  for 
dimensional  measurements. 
Six  inch  sqýiare  sheets  of  the  normal  membrane  were  heat-treated 
by  immersing  in  a  stirred  water  bath  at  95  0C  forvarious  periods  of 
up  to  three  hours.  After  which  the  membranes  were  cut  using  the 
machined  die.  After  this  heat-treatment  the  membranes  chaneod 
colour  to  a  lighter  brown'and  become  mechanically  softer.  - 
Expansion  of  the  membranes  by  cutting  first  followed  by  heating  in 
a  water  bath  was  tried.  This  would  give  the  same  weight  of 
polymer  matrix  for  each  membrane.  Howeverv  using  this  procedure 
caused  the  membrane  disc  to  curl  into  a  cylindrical  form  which  could 
not  be  straightened  out. 
After  being  cut  and  exp;  -wnded  each  membrane  was  examined  under 
a  projection  microscope  (Nikon  Project  Projectorg  Model  60  for  any 
imperfectionst  only  those  which  were  visibly  uniform  and  unblemished  were 
kept  for  study. 
.2 
XR-17011embranes.  4.1-4 
The  XR-170  membranes  (like  the  C  6.  membranes)  swell  in  hot  water. 
Unlike/ 71. 
Unlike  the  C  60  membranes  this  expansion  may  be  reversed  and  the 
original  form  obtained  by  drying  at  elevated  temperatures  (  >1000C). 
The  degree  of  solvent  water  absorbed  by  this  membrane  is  dependent 
on  the-temperature  of  pretreatment.  Consequen-Ii-Oly,  in  order  to  make 
meaningful  comparisons  of  physical  and  transport  properties  a 
(  9) 
standard  pretreatment  must  be  used.  Grot  &  Nunn 
reported  that  after  boiling  for  30  minutes  in  water  -with  the  polymer 
in  the  sulphonic  acid  form  little-further  change  in  the  physical 
dimensions  of  the  polymer  could  be  observed. 
Several  membranes  were  heated  over  a  period  of  three  hours. 
At  various  times  during  heating  they  were  removed  and  their  wet  weights 
measured.  From  this  preliminary  experimentation  an  impression  of 
the  variation  in  the  water  content  of  the  XR  membranes  with  heating 
time  was  obtainedy  thus  allowing  a  standard  time  of  heat-treatment 
to  be  decided  upon. 
Considerable  problems  arose  when  cutting  discs  of  this 
membrane  due  to  its  extreme  physical  toughness.  Eventually  a 
tempered  steel  die  with  a  keen  machined  cutting  edge  was  implemented 
-which  gave  precisely  defined  discs  witha  clean  edge-of  approximately 
4  cm-  in  diameter.  W 
A  number  of  discs  cut  from  each  of  the  three  sheets  of  differing 
ion  exch,:  -,.  nge  capacity(w.  r.  t.  dry  weight)  supplied  by  Dupont  were 
0  heated  at  100  C  for  60  minutes  in  a  water  bath  and  examined  for 
-  imperfections  using  the  projection  microscope.  One  disc  of  each 
ion  exchange  capacity  was  selected  for  study. 
f. 
4-1-5-  qonclitiqninýý  processes 
The  Nafion  discs  were  alternaiely  washed  with  Analak  acetone 
and  AnalF-M  methanol  ;  or  30  minutes  and  finally  with  distilled  Water 
in  order  to  remove  any  organi--  surface  films. 
The/ 72. 
The  discs  of  both  membrane  typeSwere  then  treated  in  an  identical 
manner.  -Each  was  equilibrated  in  sequence  in  1M  hydrochloric  acid, 
IM,  sodium  hydroxide  and  AnalaP,  methanol  for  24  hours. 
Between  each  of  the  successive  equilibrations  the  discs  were 
washed  for  several  hours  in  distilled  water.  This  treatment  with 
strong  acid  and  base  removed  any  heavy  metals  (especially  iron  as 
the  metal  salt)  from  the  polymer  while  also  conditioning  the  membrane 
to  function  as  an  ion  exchanger  in  a  constant  manner,  The  methanol 
removed  any  unreactive  Monomer.  or  other  organic  impurity  remaining 
in  the  membrane.  This  cycle  was  repeated  several  times.  The 
physical  dimensicns  and  weight  of  wet  membrane  were  measured  after 
each  cycle.  These  conditioning  processes  were  continued  until 
constant  results  were  obtained.  The  discs  were  then  equilibrated 
in  I  Molar  solutions  of  sodium  chloride  for  several  days.  The 
solution  was  changed  each  day.  Finally  they  were  equilibrated  in 
various  0.10  Molar  sodium  chloride  solutions  until  once  more'the 
__physical 
dimensions  and  wet  weight  were  constant,  indicating  that 
the  membrane  had  assumed  a  final  equilibrium  form  in  which  its  physical 
parameters  determined  its  individuality. 
4.1-5.2.  The  Individual  Membranes 
Since  there  waS-ý  a  considerable  number  of  A.  M.  F.  C  60  type 
membranes  used  in  this  work  it  is  necessLry  to  specifically  define 
the  treatment  applied  to  each. 
The  C  60  membranes  willbe  desiCnated  as  PS  (n)  in  the  results. 
PS  are  the  no-=-=l  forms  of  the  C  membrane  cut  and  conditioned  3  60 
as  described  in  section  (4.1-5) 
. 
FS  4  heat  treated  for  j  hour  at  950C  (Similar  to  the  C  60113,  of 
Garcý%r  and  Paterson) 
PS59  PS6  heat  treated  for  2  hours  at  95  oc 
PS  7- 
FS  9  heat  treated  for  3  hours  at  95  0C 
PSIO/ ps  10  This  membrane  was 
0 
one  of  several  which  was  heat  treated 
73. 
for  2  hours  at  95  C  (with  FS 
57  PS  6)  but  which  was  not.  used 
initially.  It  was  stored  for  two  years  in  0.10M  NaCl 
before  being  investigated. 
PS 
11 
Once  membrane  PS  6  had  been  fully  investigated,  it  was 
further  heat  treated  for  five  minutes  at  40  0  C.  This 
brought  about  further  expansion.  Each  of  the  expanded 
membranes  was  conditioned  as  described  in  section  (4,1-5) 
4-1.6.1.  Dry  Weights 
The  leached  membrane  in  the  sodium  form  was  placed  in  a  100  mi. 
beaker  in  'a  desiccator  over  phosphorous  pentoxide-and  the  desiccator 
evacuated  using  a  water  pump.  The  desiccator  Was  then  placed  in  an  oven 
at  60  0  C.  for  two  days.  Each  membrane  on  removal  from  the  desiccator 
was  placed  in  a  tightly  sealed  weighing  bottle,  of  known  weight., 
and  accurately  weighed.  The  dry  weight  of  each  membrane.  was 
determined  several  times  by  this  method  until  a  constant  resu.  -  t 
was  obtained. 
4.6,2.  Wet  Weipht 
The  membrane  was  removed  from  its  equilibrating  solution  and 
its  surface,  completely  dried  between  two  hardened  filter  papers. 
Using  dry  forceps,  it  was  then  placed  on  a  plastic  coated  wire 
cradley  of  knomn  weight,  suspended  from  the  balance  pan  and  weighed.  t5 
A  stop  watch  was  started  immediately  the  membrane  was  removed 
from  between  the  filter  papers.  BY  measuring  the  weight  of 
wire  cradle  plus  membrane  at  specific  time  intervals  over  a  two- 
minute  period,  a  plot  of  weight  of  membrane  against  time  was  obtained. 
II 
By  extrcipolating  this  graph  back  to  time  zero  the  true  wet  weight 
of  the  membrane  was  determined.  The  kinetic  method  of  weighing 
gave  wet  weights  reproducible  to  t  0.1%  for  both  membrane  types. 74- 
4-a  .7  PHYSICAL  DDLYSIONS 
4.1-7-1.  Thickness 
The  average  thickness  over  the  menibrane  was  obtained  using 
a  micrometer  screw  gauge.  The  thiclmess  was  measured  with 
the  membrane  wet.  By  using  the  fine  adjustment  on  the  screw 
gauge  the  same  pressure  was  applied  for  each  measurement, 
This  method  is  both  simple  and  accurEte.  The  difference  between 
readings  across  the  membranes  was-found  to  be  smaller  then 
+  1.011'fo  indicating.  both  membranes  were  cast  as  very  even  films  and 
that  expansion  by  heat  treatment  caused  no  surface  distortion. 
4-7.2.  Diameter 
The  membrane  was  placed  wet  between  two  glass  plates  of 
sufficient  weight  to  keep  it  planar  but  not  stretched.  The 
assembly  was  then  placed  on  the  micrometer  stage  of  a  travelling 
microscope,  The  various  'diameters'  were  traversed  and 
measured.  The  average  diameter  was  calculated  from  a  large 
number  of  alignments  of  the  membrane.  The  importance  of 
cutting  the  disc'neatly  was  apparent  when  meaturing  the  diameter; 
membranes  with  ragged  edges  were  rejected  at  this  stage.  The 
benefit  of,  cutting  the  disc  after  expansion  of  a  sheet  of  membrane 
was  also  well  illustrated.  The  C  60  membranes  described  a  very 
uniform  circle  whereas  the  diameter  of  the  Nafion  was  more 
irregular,  the  recorded  V&lue  being  more  Obviously  an  average 
diameter. 75. 
4-1.8  Ion  Exchange  Capacity. 
The  number  of  fixed-charge  on  the  membrane  or  ion 
exchange  capacity  was  determined  by  two  methods. 
41.8.1.  Isotope  Dilution 
This  method  was  used  for  the  C  60  serics  only.  A  stock 
solution  of  0.100  Molar  sodium  chloride  was  Prepared  and 
used  to  fill  the  appropriate  number  of  beakers  from  a 
Grade  'A'  10  ml.  pipette.  Each  of  these  was  isotopically 
labelled  with  an  accurate  volume  of  sodium-22  of  a  known 
specific  activity,  usinS  a  Hamilton'syringe.  The  membrane 
was  placed  in  this  solution  and  allowed  to  equilibrate  for 
three  days  at  25  0  C.  After  removak-,  the  membrane  was 
washed  for  one  hour  in  distilled  water  in  order  to  remove  any 
sodium-22  on  the  membrane  surface  or  taken  up  by  the  membrane 
as  imbibed  salt.  The  membrane  was  týen  equilibrated  in 
a  further  10  mls.  of  the  inactive  stock  solution  for  a 
further  three  days, 
Triplicate  samples  were  taken  after  each  equilibration 
using  clean  Hamilton  syringes,  These  were  counted  and 
from'the  specilfic  activity  measured  the  ion'excb,  --nge  capacity 
calculated.  (Appendix  2.  ) 4-1.8.2.  Direct  Titration  Method.  76. 
This  method  was  used  for  both  C  60  and  Nafion-170  membranes. 
The  hydrogen  form  of  the  membrane  was  obtained  by  successive 
equilibrations  in  1  Molar  hydrochloric  acid  solutions.  The 
surface  film  and  invading  salt  were  leached  out  by  washing  in 
distilled  water.  T  he  membrane  was  then  equilibrated  in  25  ml- 
of  0.50  Lolar  sodium  chloride  for  one  day  and  this  procedure 
was  repeated  three  times.  From  experience,  this  was  found  to 
be  sufficient  to  exchange  all  the  hydrogen  ionsp  associated  with 
the  fixed-chargep  by  sodium  ions.  -  As  a  check  the  final  solution 
was  always  tested.  with  pH  paper.  The  membrane  capacity  was 
then  determined  by  direct  titration  of  the  released  hydrogen 
ions  with  0-05  Molar  sodium  hydroxide.  The  acidity  of  the  sodium 
chloride  solution  was  accounted  for.  by  a  'blank  titration'  of 
the  appropriate  volume  of  salt  solution.  Reproducibility  of 
each  method  and  aereement  between  the  two  methods  for 
each  membrane  was 
t  l.  Viao 
4.1.9  Co-ion  Capacit_v. 
The  i-.,  -otope  dilution  method  can  also  be  used  to 
determine  the  chloridej  co-ion  capacity  of  the  membrane  using 
chlorine-36  isotope.  The  procedure  follv.  ved  is  similar  to  that 
jiven  above  (section4.1.8)  except  that  as  the  amount  of  invading 
salt  in  the  membrane  is  to  be  measured,  the  washing  technique 
inust  be  changed  in  order  that  only  the  surface  film  of  solution 
is  removed  and  not  the  salt  imbibed  by  the  matrix.  This 
part  of  the  experimental  procedure  is  critical 
as/ 77'. 
as  there  is  a  very  small  amount  of  salt  in  the  membrane  when 
equilibrated  in  a  0.100  Molar  solution?  400  times  less  than  the  amount 
of  fixed  charge.  Any  significant  contribution  from  the  surface  film 
would  drastically  affect  the  calculated  value. 
After  equilibration  in  the  active  solution,  the  membrane  was 
dipped-for  five  seconds  in  a  large  beaker  of  distilled  water,  then 
blotted  lightly  between  two  hardened  filter  papers  and  finally 
equilibrated  in  the  inactive  solution. 
4-1-9.2.  An  alternative  and  more  accurate  method  of  co-ion 
determination  is  by  potentiometric  titration  especially  using  the 
2inear  titr4tion  plot,  of  Gran 
(10). 
-The  membrane,  dipred  in-distilled  water  and  blotted,  was 
equilibrated  in  two  successive  5  ml-  solutions  of  0-5  Molar  sodium 
nitrate,  two  equilibrations  were  found  to  be  sufficient  to  dipplace 
all  the  imbibed  chloride  in  the  membrane.  The  chloride  ion  was  then 
titrated.  The  titrant  was  a  solution  of  sodium  nitrate  and  silver 
chloride  with  the  same  ionic  strength  as  the  equilibrating  sodium 
nitrate  solution.  This  was  delivered  from  a  calibrated  Agla-syringe. 
The  syringe  was  fitted  with  a  glass  needle  which  had  been  drawn  out 
to  a  capillary  tip.  Some  4  cm-  from  the  tip  a  silver  wire  electrode 
was  fixed  with  ara.  ldite.  When  carrying  out  the  titration  the  tip  of  tho 
syringe  was  placed  in-,  the  soluiion  being  titrated,  The  potentiometric 
call  -was  completed  by  insertin.  -  a  silver/silver  chloride  electrode  in 
thic  solution  and  connecting  the  electrodes  through  a  Soletron  Digital 
Voltmeter  (Yodel  L11.1867).  :  By  ensuring  the  ionic  strength  of  the 
, 
two  solutions  -was  idential  and  by  having  a  very  fine  tip  onihe  syringe 
the  liquid  junction  potential  was  kept  to  a  minimum. 
A  teflon  coated  magnetic  stirrer  was  placed  in  the  solution  to 
be  titrated  and  the  titrant  added  until  the  end  point  was  reached. 
This  was  obvious  from  the  sudden  large  change  in  the  emf  reading. 
Tilereaf  ter/ 78. 
Thereafter  very  small  aliquots,  0.005  cm3  were  added  from  the 
Agla-syringe  until  ton  readings  were  obtained  of  volume  added  and 
consequent  potential  reading. 
Of  the  two  methods  the  latter  was  found  to  be  the  most  accurate 
giving:  reproducibility  of 
t  211fo  whereas  the  is.  otope  redistribution  method 
gave  for  some  membranes  no  better  than  ±  1V15.  In  general,  over  the 
whole  range  of  membranes  reproducibility  between  successive  experiments, 
and  agreement  between  the  two  methods  was  good,  however,  in  some  cases, 
very  erroneous  ansivers  were  obtained.  There  is  litth  doubt  that  the 
factor  determining  the  accuracy  of  determination  of  the  co-ion  D 
concentration  is  the  procedure  for  removing  the  surface  film  of  active 
--electrolyte.  -5hese  measurements  of  the_physical  properties  of 
the  membrane  discussed  in  the  preceding  sections  were  carried  out 
for  each  membrane  at  the  beginning  of  the  experimental  study  until 
consistent  results  were  obtained.  They  were  also  periodically 
repeated  throughout  the  time  each  particular  membrane  was  being 
examined,  especially  when  the  membraneswere  being  subjected  to  the  more 
extreme  physical  conditions  of  the  reverse-osmosis  system. I-  79. 
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4-1-10  Conductivity 
The  conductivity  of  the  membrane  was  obtained  using  the  cell 
shown  diagramatically  in  figure  (4-1)-  This  particular  cell  was 
used  by  previous  workers 
(11)  (5  ) 
and  shown  to  give  accurate  and 
reproducible  results. 
The  filled  cell  contained  in  a  polythene  bagp  or  covered  beaker 
was  positioned  in  an  oil  bath,  the  temperature  of  which  was  maintained 
at  25  o+0.005oc-  A  reservoir  containing  the  solution  from  which 
the  cell  was  filled  was  also  placed  in  the  oil  bath  and  the  two 
connectedt  by  silicone  rubber  tubing,  in  such  a  way  that  solution 
entered  by  A,  circulated  via  3  and  C  to  the  other  half  of  the 
conductivity  cell  and  finally  left  by  D  going  either  to  waste,  if 
a  gravity  flowt  or  back  to  the  thermostated  reservoir  if  a  pumped 
system  was  used.  In  the  latter  case  a  Peristaltic  pump  (Watson-Mar1cw 
H.  R.  Flow  Inducer  6C)  was  used.  Care  was  taken  to  remove  all  air 
bubbles  from  the  system  when  filling  the  cell  and  connecting  it  to  the 
reservoir. 
In  order  to  determine  the  conductivity  of  the  membrane  the  cell 
was  first  assembled  without  the  membrane  and  left  to  equilibrate 
(thermally).  Readings  of  conductance  were  taken  over  several  hours 
until  constant.  The  resistance  of  the  electrolyte  in  tha  cell  was 
determined.  The  cell  was  then  dismantled,  a  membrane  inserted  and 
returned  to  the  oil  bath.  As  beforei  after  an  equilibration  periodo 
readings  were  recorded  until  finally  constant.  From  these  two  readinzs  0 
the  resistance  of  the  electrolyte  plus  membrane  was  determined,  By 
subtraction  the  resistance  and  conductance  of  the  membrane  was 
calculated.  In  both  measurements,  i.  e.  of  resistance  of  solution 
and  of  solution  plus  membraneg  readings  were  taken  with  and  without 
fI 81. 
flow  throuSh  the  system.  It  was  observed  that  althouEh  this  affected 
both  measurements,  the  actual  subtracted  valuej  from  which  the  membrane 
conductivity  ms  calculated,  was  unchanged. 
The  conductivity  of  each  membrane  was  determined  a  number  of  times 
and  a  reproducibility  of 
ý  1.0%  vras  obtained.  The  conductivity 
measurements  were  made  on  a  Wayne  Kerr  B-331  conductivity  bridge. 
Although  this  indirect  method  of  measuring  conductivity  has  advantages 
over  the  direct  method  used  by  other  workers 
(4)  (12)  (13), 
in  dilute 
solutions,  the  resistance  of  the  membrane  is  smaller  than  that  of  the 
solution.  Consequently  in  order  that  the  membranes  resistance 
contributes  significantly  to  the  measurements  made  only  a  very  small 
area  of  the  membrane2  0.100  cm 
2 
was  Thus  single 
conductivity  measurements  may  not  be  representative  of  the  whole  membrane 
disco  Gregor 
(14) 
reported  variation  of  NO%-  in  membrane 
conductances  in  pieces  of  membrane  cut  from  the  one  sheet.  In  this 
work  this  problem  of  non  representative  measurements  did  not  arise. 
Conductivities  of  a  large  number  of  membranes  were  measured,  some  having 
similar  physical  geometryq  but  over  all  providing  a  range  of  differing 
degrees  of  expansion.  This  allowed  a  study  of  the  effect  of  membrane 
expansion  on  specific  conductivity. 
The  measured  value  of  the  membrane  resistance  was  corrected  for 
edge  effects  using  the  equation  derived  by  Barrer 
(30). 
'Since-the  area  of  membrane  exposed  in  the  conductivity  cell 
tlýe  edge  correction  was  fairly  large,  amounting  to  some 
gg  -of  the*measured  value. 82. 
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4.1.11  Electro-Osmosis 
The  electro-osmotic  transport  number  t3  of  the  membxane  was 
determined  using  the  glass  cell  shovm  in  Figure  (4.2).  This  cell 
(12) 
is  similar  to  that  first  used  by  Mackay  and  Meares  and  by 
previous  workers  in  this  laboratory.  Identical  cells,  with  the 
electrodes  removed,  have  been  usedq  under  the  appropriate  experimental 
conditions,  to  determine  the  membrane  diffusion  coefficient,  transport 
numbers,  salt  and  osmotic  flow.  In  effect  this  cell  of  standard 
design  can  be  used  to  obtain  the  transport  data  from  Which  the 
phenouenological  coefficients  characterising  the  membrane  are  calculated. 
The  teflon  paddles  fixed  in  both  half  cells  and  turned  by 
magnetic  coupling  agitate  the  solution  at  the  membrane  surface.  This 
coupling  was  achieved  by  fixing  a  small  magnet  into  the  end  casing 
of  each  paddle  with  araldite.  These  were  driven  by  larger  master 
magnets  outside  the  cell  fixed  on  a  geared  assembly  and  turned  by  a 
variable  -speed  Citenco  electric  motor.  The  stirring  speeds  of  the 
paddles  were  monitored  by  a  Dawe  1200E  Stroboscope.  A  paddle 
speed  of  500  r-P-m-  was  normally  usedq  However,  various  speeds  between 
200  and  600  r.  p.  m.  were  also  tried. 
By  measuring  the  change  in  volume  of  each  half  cell  on  the 
passage  of  a  constant  electric  current  across  the  membrane,  the 
electro-osmotic  transference  number  could  be  calculated.  This 
-current  was  supplied  by  a  constant  current  source  (Solatron  P.  S.  U. 
AS1413)  and  monitored  throughout  the  experiment  by  measuring  the 
potential  drop  across  a  standard  resistance  in  series  in  the  circuit. 
The  silver/silver  chloride  electrodes  were  situated  three  centimetres 
I 
from  the  membrane  surface.  These  were  prepared  from  platinum  gauze 
electrolytically  silver  plated  in  a  dilute  solution  of  silver  nitrate, 
to  zhich  a  few  drops  of  concentrated  nitric  acid  had  been  added. 
After/ 84* 
After  washing  for  twenty-four  hours  in  distilled  watery  one  of  the 
electrodes  was  completely  converted  to  silver  chloride  and  the 
other  lightly  chloridised  by  anodizing  in  an  0.100  Molar  solution 
of  hydrochloric  acid.  The  silver/silver  chloride  olectrodes9produced 
in  this  wa.  N  allowed  passage  of  a  15  mA  current  for  approximately 
thirty  minutes. 
In  the  experimental  procedure  the  membrane  was  first  lightly 
blotted  and  mounted  bet-Aýeen  two  matched  perspex  spacers  which  were 
kept  perfectly  aligned  by  locating  pins  thus  assuring  the  same  area 
of  membrane  was  exposed  during  each  experiment.  This  assembly  was 
placed  between  the  two  half-cells  which  were  then  clamped  together. 
At  this  stage  the  'sandwich'  of  perspex  spacers  and  membrane  was  sealed 
at  the  edges  with  paraffin  wax  and  the  cell  then  filled.  In 
order  to  prevent  bubbles  formiing  on  the  paddles  and  to  aid  any 
trapped  bubbles  to  dissolves  the  solutions  were  thoroughly  degassed 
before  use.  Horizontal  graduated  capillaries  were  attached  to  each 
side  of  the  cell  emploýing  tef  Ion  sleeves  to  prevent  leakage  Erd  the 
+0 
cell  finally  immersed  in  a  water  bath  maintained  at  25-LO-01  C. 
The  paddles  were  set  in  motion  and  the  cell  allowed  to  equilibrate 
for  several  hours.  The  capillary  readings  were  monitored  during 
this  time  in  order  to  determine  whether  the  system  was  effectively  sealed. 
A  constant  current  was  applied  and  capillary  readings  taken  at  regular 
time  intervals  over  a  twenty  minute  period.  The  polarity  of  the  cell 
was  then  reversed  and  the  procedure  repeated.  It  was  discovered  that 
creating  a  small  head  of  water  on  one  side  of  themambrane  by  raising, 
the  height  of  the  capillary  approximately  2  cm.  made  the  membrane 
less  prone  to  move  during  the  experiment.  The  subsequent  hydrostatic 
pressure  induced  would  make  a  contribution  of  the  order  of  10.9  to  10-10 
MIS.  cm-2  sec-1  to  the  electro-osmotic  flow.  Reducing  the  area  of 
membrane/ 85. 
membrane  exposedby  changing  the  centre  diameter  of  the  perspex 
spac=,  the  membrane  could  also  be  made  more  stable  allowing  more 
accurate  readingsto  be  taken. 
Measurements  viere  made  at  both  5  and  15  M  amps  in  order  to 
determine  the  effect  of  current  density  on  the  observed  transference 
numbers.  Current  was  passed  three  times  in  each  direction  at 
both  current  densities  for  each  membrane  allowing  an  average  value 
for  the  volume  flow  of  water  to  be  calculated. 
The  value  of  t3  was  determined  from  equation  (2.26a) 
t 
However,  the  total  volume  change  AV  in  either  compartment  in  =3 
per  coulomb  for  an  isobaric  system  is 
AV  -  (t  ^V  +tV+  AVE)  (2-77) 
331  12 
where  VV  are  the  partial  raolar  volumes  of  water  and  electrolyte  3112 
and 
AVE  is  the  volume  change  of  the  electrodes.  Rearranging  gives  (2-78) 
AV  AV  E 
3  10-  ++  I-  )  (2-78) 
AV. 
--  CV3V33 
where  V  is  the  "apparent!  'electro-osmotic  transport  number 
3 
which  is  in  effect  what  is  measured  experimentally.  Therefore, 
the  t3  calculated  by  (2-36a)  is  not  the  true  t3  but  an  apparent  one 
in  which  no  account  has  been  taken  of  the  other  volume  changes 
occurring  in  the  cell.  This  correction  was  applied. 
Electro-osmotic  transport  numbers  obtý-ined'by  this  method  for  a  range 
of  membranes  were  reproducible  to  ±  2%. 86. 
4-1-12 
The  product  concentration  was  determined  by  two  methods 
1)  By  measuring  the  conductivity  of'a  sample  or  diluted  sample 
2)  By  potentiometric  determination  of  chloride  ion. 
4-1-12.1 
. 
Conductivity  Method 
A  standard  dip-type  conductivity  cell  ('Philips  PR-5512/00) 
which  had  a1  cm3  electrode  chamber  was  used  in  this  method.  This 
cell  required  approximately  two  mls.  of  solution  for  accurate  measurement. 
Product  samples  were  obtained  from  the  collection  vessel  Z,  Fig.  '  (4-3) 
and  diluted  with  an  known  volume  of  distilled  'water  to  cover  the 
electrodes.  The  conductivity  of  the  resultant  solution  was  measured 
on  a-Wayne  Kerr  conductivity  bridge  section  (4-1-10)-  Standard 
sodium  chloride  solutions  were  made  up  in  the  concentration  range 
0.01  --w  0.10  11olar  and  their  conductivities  determined  using  the 
dip  cell.  These  results  provided  a  graph  of  conductance  against 
Kolar  concentration. 
_Extra 
points  were  added  to  thegraph  by 
measuring  the  cell  constant  of  the  dip  cell  using  a  0.100  DMAL 
solution 
(20) 
and  calculating-the  conductivities  from  equiv  alent 
conductivity  data  obtained  from  the  literature 
(21)  (22) 
0 
The  concentration  of  the  product  solution  was  easily  determined  by 
measuring  the  conductance  and  reading  the  concentration  from  the 
calibration  graph.  This  method  gave  product  concentrations 
-reproducible  to  ±  2.0%. 
However,  the  indirectness  of  the  method,  the  need  for 
accurate  dilution  of  each  sample  and  the  dependence  on 
temperature  made  this'method/- 
tion  of  the  Concentration  of  the  Product  Sol 
from  the  Reverse  Oomosis  Experiments. 879 
Method  impractical  for  rapid  accurate  analysis.  The  very  much 
more  precise  and  rapid  method  of  potentiometric  titration  was. 
eventually  used  exclusively. 
4-1.12.2  Determination  of  Product  Concentration  by  the  Potentiometric 
Titration  Method  of'  Gran 
A  Hamilton  syringe  was  used  to  accurately  withdraw  0.08  mi 
samples  of  product  solution  for  analysis.  Each  sample  was  added 
to  5  mls-  of  0-50M  sodium  nitrate  solution  which  acted  as  supporting 
electrolyte.  A  silver  nitrate/s.  odium  nitrate  solution  with  a 
concentration  and  ionic  strength  sufficient  to  titrate  the  samples  of 
product  solution  was  made  up  and  the  procedure  described  in  section 
used.  A  mipimum  of  three  samples  wdsj  taken  per  experiment; 
at  both  pressuresp  for  analysis  by  this  method.  A  reproducibility  of 
+  2.0%  was  obtained  for  product  concentration  in  repeated  experiments. 
I 88. 
RBVERSE  OSMOSIS 
4.2  Cell  System  I 
4.2.1  The  revers*e  osmosis  cell  used  in  the  first  part  of  the 
experimental  study  is  shovm  dia-grammatically  in  figure 
The  cell  was  constructed  in  Delrin  a  crystalline  thermoplastic 
polymer  of  formaldehyde  (appendix  3)  possessing  the  mechanical 
properties  required  for  use  in  high  pressure  work.  It  consiste4of 
two  parts  E  and  12  each  threaded,  which  were  screwed  together  and 
sealed  by  two  o-  rings  G  and  J.  One  o-  ring  was  situated  betwoen 
the  top  part  of  the  cell  and  the  spacerKq  the  other  between  the 
faces  of  the  top  and  bottom  halves  of  the  cell.  The  total  length 
of  the  cell  was  20  cm  and  the  diameter  8  cm  with  2  cm  thick  walls 
to  withstand  the  high  applied  internal  pressure.  The  internal 
volume  was  150  cm3. 
The  cell  was  filled  with  solution  by  removing  the  threaded  plug 
A  and  pipetting  solution  into  the  connection  tube  T.  Agitation  of 
the  solution  at  the  membrane  surface  was  obtained  by  the  teflon  paddle 
R,  which  was  operated  by  magnetic  coupling  using  the  assembly  shown 
in  fig.  (4-4).  This  consisted  of  two  large  powerful  magnets  fixed 
on  a  rotating  stirrup.  The  stirrup  was  positioned  in  order  that 
the  magnets  were  approximately  only  0.25  cm.  from  the  cell  walls 
hence  allowing  maximum  coupling  with  the  magnet  inside  the  paddle. 
The.  whole  assembly  was  mounted  inside  a  metal  glove  boxwith  a  perspex 
front  for  vieviing,,  which  was  also  used  as  an  air  thermostat  tank. 
The  temperature  inside  of  this  was  controlled  by  a  Jumo-Shandon 
thermo-regulator  assembly.  The  air  was  circulated  by  a  powerful 
electric  fan.  The  temperature  was  kept  constant  at  25  +  0-5  0  C. 
The  paddles  viere  held  in  place  and  centred  by  the  teflon  supports 
Vq  Dq  H.  V  also  acted  as  a'bearing  on  which  the  head  of  the  paddle 
turned.  Quarter  inch  internal  diameter  stainlem  steel  tubing  and 
swage/ 89. 
sivage-lock  couplings  were  used  to  construct  the  pressure  line  which 
connected  the  cell  to  the  high  pressure  nitrogen  cylinder.  This 
cylinder  supplied  the  high  pressure  -to  the  cell. 
From  the  couplingp  S,  in  the  cell  wall  the  pressure  tubing  was 
bent  upwards  parallel  to  the  cell  for  twelve  inches  where  it  was 
then  broken  and  a  coupling  made.  This  allowed  the  cell  and  the 
arm  of  the  pressure  line  to  be  removed  from  the  air  thermostat 
as  a  unit  rather  than  disconnect  the  pressure  line  from  the  cell  at 
the  metal-plastic  coupling  in  the  cell  wall.  From  this  couplingg 
the  pressum  line  -was  gently  bent  in  a  U-shape  and  led  to  the  nitrogen 
cylinder  .  Solution  could  in  this  Nvay  be  contained  in  the  side  arm 
and  would  not  escape  down  the  pressure  tubing  partially  emptying  the  call. 
The  pressure  from  the  cylinder  was  supplied  through  a  normal 
nitrogen  cylinder  valve  (P  ressure  Control  Ltd-  31780/1)  direct  to 
the  solution  in  the  side  arm  of  the  pressure  line.  A  Budenburg 
Standard'Test  Gaus:  -,  e  (10013437  calibrated  0-  1ý000  lbsAr,  2) 
situated 
between  the  nitrogen  cylinder  and  the  cell  was  used  to  monitor  the 
applied  pressurey  providing  an  accuracy  of 
± 
0.25%- 
In  the  cell  the  membrane  was  supported  by  a  porous  stainless 
steel  disc  placed  on  the  bottom  of  the  cell.  Ieneath  the  porous 
disc  in  the  cell  bottom  concentric  channels  allowed  the  desalinated 
product  solution  to  escape. 
The  membrane  area  was  defined  (5-025  cm 
2)  by  the  teflon  spacerv  K, 
which  fitted  perfectly  into  the  bottom  of  the  cell.  This  spacer  and 
I 
the  neopren  o-ring,  Jp  above  it  prevented  leakage  around  the 
perimeter  of  the  membrane  once  the  top  part  of  the  cell  was  tightly 
screwed  dovm. 
The  wet  membrane  was  placed  in- 
- 
the  bottom  of  the  cell  on  top 
of  the  porous  steel  backing  plate  and  the  teflon  spacer  and  o-ring 
put  in  place.  The  top  part  of  the  cell  was  then  firmly  screwed 
down  into  the  bottom  part  by  holding  the  squared  ends  with  two 
machined/ go. 
machined  metal  keys.  The  cell  was  then  unscrewed  and  the  o-ring,  J, 
examined  to  determine  whether  this  had  been  pushed  into  place. 
This  0-ring  was  pressed  by  the  top  part  of  the  cell  between  the 
spacer2  K2  and  the  cell  wall.  A  fine  groove  was  machined  in  the 
cell  wall  to  accommodate  the  compressed  o-ring.  Once  in  this 
position  the  o-ring2  J2  effectively  sealed  the  membrane  into  the 
bottom  of  the  cell.  When  this  seal  hdd  been  checked  the  cell  vas 
again  screwed  tightly  together  and  filled  using  degassed  solution, 
from  the  access  port  A.  The  side-arm  formed  by  the  pressure  line 
was  filled  from  the  coupling,  U. 
The  seal  around  the  perimeter  of.  the  membrane  was  tested  by 
using  an  impermeable  polythene  sheet  in  place  of  the  membrane  and 
pressurising  the  solution  in  the  cell  to  500  lbs/in  2 
with  the 
bottom  of  the  cell  filled  and  the  capillary  in  place.  Any  leak  round 
the  polythene  sheet,  which  was  of  the  same  thickness  as  the  membrane, 
was  observed  as  a  flow  along  the  capillary.  It  was  critical  that  no 
--solution-should 
escape  round  the  sides  of  the  membrane  as  the  product 
fluxes  through  the  membrane  were  very  smallq  approximately  0.2  cm3/hour. 
---Great  care  was  also  taken  to  clean  and  dry  the  bottom  of  the  cell  and 
the  porous  steel  backing  plate.  Both  of  these  were  washed  with 
distilled  water  and  dried  with  acetone  before  each  experiment.  This 
removedany  possible  residue  from  previous  experiments  remaining  in  the 
bottom  of  the  cell.  vihich  would  alter  the  concentration  of  the  Product 
solution. 
In  early  experiments  the  solutions  used  were  passed  through  a 
milli-pore  filter  to  remove  dust  particles.  This  was  eventually  stopped. 
The  milli-pore  filters  (as  supplied  by  the  manufacturers)contain  added 
surfactants.  These  additives  aid  the  filtering  processp  but  would 
be/ 91. 
be  most  undesirable  in  the  filtered  solutions  used  in  this  study. 
Although  a  pre-wash  with  distilled  water  was  usual,  the  possibility 
of  releasing  surfactant  and  the  lack  of  particulate  material  in  the 
original  solution  led  to  this  step  being  discontinued. 
Once  filled,  the  cell  was  placed  in  ,  its  support  inside  the  air 
thermostat  box  and  the  stirrup  assembly  adjusted  over  the  cell. 
The  paddle  was  then  set  in  motion.  The  cell  was-left  for  several 
hours  in  this  position,  to  allow  trap,  -ed  air  bubbles  distrubed  by  the 
paddle  to  rise  to  the  top  of  the  cell  and  to  allow  thermal  equilibration 
of  the  solution  inside  the  cell  3  before  proceeding  'with  the  experiment. 
The  cell  was  continuously  topped  up  with  solution  during  this  period* 
The  plug  Al  was  then  screwed  into  place  and  the  pressure  line  coupled 
together.  Pressure  was  applied  by  adjusting  the  valve  on  the 
cylinder  head  and  kept  constant  by  leaving  the  valve  to  the  high 
pressure  cylinder  open2  using  the  cylinder  as  a  pressure  reservoir. 
The  rotation  speed  of  the  impeller  was  monitored  by  a  stroboscopq 
section  (4-11)  and  maintained  at  500  rpm  (usually)  although  various 
impeller  speeds.  between  200  -  600  rpm  were  tried  for  some  experiments. 
Using  the  graduated  capillary,  Np  readinEpof  the  volume-flow 
at  specific  time  intervals  were  taken  for  periods  at  the  beginning, 
middle,  and  end  of  the  experiment  at  each  applied  pressure.  Samples, 
for  determination  of  product  concentrationy  were  collected  using  the 
vessel,  Z,  at  different  timesy  over  a  number  of  experiments  at 
each  pressure. 
At  the  end  of  the  reverse  osmosis  experiment  the  pressure  was 
released  by  unscrewing  coupling,  Y. 
Information  on  volume  flow  and  desalination  at  200  and  400  lbs/in  2 
applied  pressure  were  obtained  for  two  membranes  with  physical 
properties/ 92. 
properties  similar  to  the  C  60  Normal  and  C  60  Expanded  membranes 
used  by  Paterson  &  Gardner.  Feed  solutions  of  0.10  and  1.00  Molar 
Nael  were  used.  Each  of  the  membranes  was  'run'  four  or  five 
times  in  the  pressure  cell  varying  the  order  in  which  the  pressure 
was  applied.  (In  some  experiments  a  pressure  of  200  lbs/in  2 
was  applied 
first.  Once  the  experiment  at  this  pressure  was  completed  the 
2 
pressure  was  increased  to  400  lbs/in  .  In  another  experiment  on  the 
same  membranej  the  procedure  was  reversed).  This  procedure  was 
intended  to  show  whether  the  results  were  in  any  way  altered.  by 
a  preconditioning  of  the  membrane  which  might  be  brought  about 
by  the  previously  applied  pressure. 
4.2.2  Discussion  of  Apparatus 
The  design  of  the  Reverse  Ormosis  cell  was  influenced  by  other 
equipment  (electro-osmosis  aýnd  diffusion  cells)  used'in  this 
laboratory.  Previous  workers  had  made  use  of  thisequipment  in 
I 
the  determination  of  the  phenomenological  coefficients  of  various 
meimbranesgamongst  which  were  the  A.  M.  F.  C  60  Normal  and  Expanded. 
It  was  a  natural  progression  to  design  a  Reverse-Osmozis  cell 
with  an  axial  paddle  systemp  which  viould  agitate  close  to  the  membrane 
surface  and  closely  resemble-  earlier  cells.  This  similarity  in 
design  was  a  desirable  featura  in  order  to  make  comparison  between 
the  data  obtained  from  the  rever  se  osmosis  cell  with  that  predicted 
from  the  mobility  coefficients  obtained  by  Gardner  and  Paterson  using 
the  original  transport  cello.  - 
Concentration  polarisation  at  the  membrane  surface  is  an  obvious 
problem  in  the  process  of  hyperfiltr&tion 
(15)  (16)  (17)  (18)  (19) 
0 
In  any  attempt  to  ineasure  the  volume  flow,  rejection  abilities  and 
to  -compare  them  with  those  predicted  from  mobility  coef  f  icients 
determined/ 93. 
determined  at  specific  concentrations,  this  problem  must  be  minimised. 
To  determine  whether  the  paddle  arrangement  usodsuccessfully 
prevented  concentration  build  up  at-the  membrane  surface  during  an 
experimentg  the  rotation  rate  of.  the  paddle  was  varied  for  a  number 
of  experiments  from  200  rpm  to  600  rpm  with  no  detectable  change 
in  the  product  flux  or  concentration. 
Experiments  were  also  carried  out  in  which  there  was  no  stirring 
at  the  membranef  thus  generating  very  high  concentration  polarisation 
at  the  membrane  surface.  In  these  experiments  the  volume  flow 
was  significantly  reduced  and  the  concentration  of  the  product 
approximately  doubled. 
The  relatively  small  volume  of  the  celly  approximately  150  mls-, 
imposed  practical  restrictions  on  the  length  of  the  experiments 
conducted.  After  a  period  of  24  hours  at  an  applied  pres3ure 
of  400  lbs/in  2  the  concentration  of  the  feed  solution  would  be 
significantly  increased* 
(For  the  normal  membrane  approximately  4  ml.  of  solution  would  be 
desalinated  in  24  hours  increasing  the  feed  concentration  by  1.5%) 
in  the  same  length  of  time  the  expanded  membrane  would  desalinate 
approximately  9-5  mls.  of  solution,  increasing  the  feed  concentration 
by  3.8%) 
Fortunately  the  method  used_for  determination  of  the  product 
concent1ration  required  a  very  small  volume,  loss  than  0.10  mis. 
Section  (4.2-3). 
In  order  to  be  sure  the  product  concentration  was  representative 
of  the  0.100  feed  solution  and  not  affected  by  an  increase  in 
concentration  of  the  feed,  samples  waree  taken  during  both  the  early 
and  latter  stages  of  each  experiment.  Agreement  over  a  number  of 
experiments/ 94. 
experiments  on  the  two  membranes  gave  reproducibility  for  product 
concentration  of  ±  2.01j'fo. 
The  method  by  which  the  solution  within  the  cell  was  pressurised 
and  thus  forced  through  the  membrane$  created  a  number  of  problems 
and  was  the  most  unsatisfactory  feature  of  the  apparatus.  The 
procedure  of  applying  high  pressure  nitrogen  gas  from  a  cylinder 
directly  to  the  feed  solution  contained  in  the  side  am  allowed  the 
solution  to  absorb  nitrogen  gas  as  the  experiment  proceeded.  Thic 
was  released  by  the  solution  as  it  passed  through  the  membrane 
substantially  affecting  the  product  flux  results  obtained.  In  order  to 
account  for  this  the  volume  flow  along  the  capillary  was  measured  for 
several  hours  at  the  beginning  of  an  experiment  and  then  again  for 
several  periods  throughout  the  experiment.  By  plotting  these  results 
flow  with  time  could  be  deduced  and  the  increase  in  rate  of  product 
the  period  for  which  this  was  unaffected  by  absorption  of  gas 
established.  By  taking  flow  readings  i=ediately  solution  appeared 
in  the  capillary,  this  problem  was  kept  to  a  minimum  and  reproducibility 
of 
t  2%  obtained. REVERSE  OSMOSIS  CELL  I 
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4.3  The  Reverse  Osmosis  System  II 
The  reverse  osmosis  cell  I  discussed  in  the  last  section  was 
intended  to  be  a  prototype  cell  of  simple  design  which  would  allow 
preliminary  investigation  of  the  desalination  properties  of  the  C  60 
membranes.  Certain  shortcomings  in  the  design  of  the  system 
meant  that  the  effective  scientific  use  of  the  cell9for  accurate 
experimentation  was  restrictedg  particularly  for  emf  studies. 
Howevery  the  experience  gained  from  this  proto-type  system 
provided  an  insight  which  greatly  aided  the  design  and  final 
construction  of  a  more  sophistocated,  more  flexible  apparatus, 
which  could  be  used  to  obtain  measurements  of  water  fli=y  desalination 
-ability  and  pressure  potential  for  a  whole  range  of  m  embranes. 
Into  this  new  reverse  osmosis.  system  specific  features  had 
to  be  inoorporated:  - 
(1)  An  effective  method  of  overcominS  the  build  up  of  concentration 
polarisation  at  the  membrane  surface  during  the  desalination 
process  had  to  be  devised,  with  the  added  constraint  that 
in  order  to  make  potential  measurements  across  the  membrane 
electrodes  viould  have  to  be  inserted  close  to  the  membraneg 
on  both  the  high  and  low  pressure  sides)  Consequently 
preventing  the  use  of  mechanic&l  stirring  at  the  membrane 
surface  as  in  cell  I.  Therefore  circulatory  pumps  causing 
-an  efficient  flow  past  the  high  pressure  side  of  the  membrane 
were  required.  From  this  requirement  the  design  of  the  new 
reverse  osmosis  cell  was  evolved.  This  had  to  be  constructed 
to  allow  an  optimum  flow  of  solut  -ion  over  the  whole  membrane 
surface  and  required  to  incorpo-rate  access  port  's  which  would 
allow  probe  electrodes  to  be  inserted  on  both  sides  of  the 
membrane  close  to  its  surface. 96. 
(2)  A  completely  new  method  of  applying  pressure  to  the  system 
was  needed  in  order  to  remove  the  problem  of  absorption  of 
nitrogen  gas  into  the  solution.  The  'Usual'  method  is  a 
tpressurisinS  and  circulatory  Pump  and  valve  system'.  However, 
these  systems  are  generally  constructed  in  steel.  This 
immediately  poses  corrosion  problems  and  in  general  is 
unsatisfactory  for  use  in  a  system  where  potentiometric 
measurements  are  to  be  made.  The  pmps  'usually' 
incorporated  also  create  oil  contamination  problems  and 
heat  dissipation  problems.  Since  the  pres--Ure  is  created. 
by  a  pumping  actioný  pressure  pulses  are  created. 
For  these  reasons  no  attVt  was  made  to  include  this 
method  of  applying  pressure  in  system  II. 
An  obvious  possibilitY  was  to  use  a  piston  or 
diaphragm  arrangement  to  separate  the  solution  from  the 
pressure  source.  This  had  to  be  incorporated  without 
interfering  with  the  circulation  of  the  feed  solution 
within  the  system  itself. 
In  order  to  prevent  the  problem  of  significantly  increasing 
the  concentration  of  the  feed  solution,  as  desalination 
occurredq  a  reservoir  of  solution  had  to  be  included  in  the 
system,,  sufficientlY  largeto  allow  desalination  to  occur 
for  at  least  twenty-four  hours.  This  had  to  be  included: 
in  such  a  way  that  the  circulation  of  solution  was  not 
affected. 
To  make  electrical  me-asurementsl  probe  electrodes  had  to 
be  designed  and  constructed  of  a  convenient  size  and  with  a 
special  housingivihich  would  allow  them  to  be  inserted  into  the 
high  pressure  side  of  the  reverse  osmosis  cell  above  the 
membrane/ 99. 
membrane  surface,  without  allowing  leakage  when 
pressure  was  applied. 
Finally,  construction  of  the  system  in  a  non  metal 
material  was  a  desirable  feature  as  metal/solution 
interfaces  within  the  cell  would  set  up 
"parasitic  voltages"  with  the  probe  electrodes, 
thus  affecting  the  accuracy  of  the  potential 
(  23 
measurements 
0 1000' 
4.3.1  CIRCULATORY  PLUPOS 
4.3.1,1.  Development. 
The  importance  of  obtaining  a  pump-which  was  both  efficient  and 
reliable  was  realised  from  the  beginning.  Numerous  designs  were 
considered.  Prototype  models  of  pumps  with  different  arrangements 
of  rotors  and  impellers  utilising  a  mechanical  drive  were  constructed. 
However,  difficulty  arose  in  obtaining  non-metallic  seals  for  the 
drive  shaft  which  required  no  lubrication  and  could  be  sealed  into 
the  plastic  pump  body  without  leaking  -when  pressure  wasapplied. 
A  comprehensive  survey  of  industrial  literature  provided  no  information 
I 
on  a  suitable  seý-l.  Experience  obtained  with  other  membrane  cells 
Fig.  (4.2)lsuggested  magnetic  coupling  could  be  used  to  rotate  an  impeller 
in  a  circulatory  pump.  A  cylindrical  pump  housing  nine  inches  in 
height  containing  a  large  five  inch  high  impeller  which  fitted  neatly 
into  the  bottom  of  the  cell  was  constructed*  The  impeller  was 
fitted  with  six  large  perpendicular  blades.  Into  the  bottom  of  the 
impeller  four  magnets  were  fixed  with  Araldite.  The  top  portion  of 
the  "pump"  acted  as  a  resevoir  for  solution,  A  Imaster.  magnet' 
assembly  was  pLiced  beneath  the  pump  and  was  rotated  by  an  electric 
motor.  The  impeller  turned  successfully  in  air,  but  would  not  turn 
against  the  resistance  imposed  when  the  housing  was  filled  with 
Swedish  solution.  An  electro-magnet  consisting  of  four  pellets  of 
Iron  1  centimeter  cubegwound  with  cotton  covered  copper  wire..  w-as 
substituted  on  the  external  drive2  but  without  success.  This 
electro-magnet  did  provide  the  couplins;  required  to  turn  the  impeller 
when  the  pump  was  full  of  solutiong  but  only  at  a  very  slow  speed. 
When  the  speed  was  increý-sed  above  a  few  rpm  the  coupling  was  broken. 
Experience  gained  from  this  model  indicated  obvious  faults  in  the 
designt- 101. 
(1)  The  concept  off  a  solution  resevoir  above  the  impeller 
was  not  sound  as  no  pumping  action  was  created  from 
the  rotating  rotor. 
(2)  The  design  of  the  impeller  required  to  be  changed. 
The  area  of  each  blade  was  too  large  consequently 
creating  high  resistance  to  movement. 
4.3.1.2The  Circulatory  Pumps. 
A  di-agrammatic  representation  of  the  final  pumps  used  is  shown 
in  plan  and  in  section  figures  (4-5)  (4.6)  respectively  and 
photographic  views  are  shown  in  figures  (4-7)(4.8).  The  pump 
body  was  constructed  in  two  partsq  A,  B,  with  3/8"  thick  Delrin  walls. 
These  were  bolted  together  by  six  stainless  steel  boltsq  Fý  and  a 
seal  between  the  top  and  bottom  was  effected  using  a  recessed  neoprene 
o-ringf  B.  An  impeller,  with  twelve  1/8th  of  an  inch  deepq  30  0 
pitch  teeth,  was  constructed.  This  had  a  hollow  centre  to  receive 
the  slave  magnet.  A  powerful  cylindrical  magnet2  (obtained  from  a 
Gallenjccamp  Magnetic  stirrer)  was  sealed  into  the  hollowed  centre 
of  the  impeller'-by  a  light  covering  of  araldite  and  a  Delrin  plate 
was  tightly  fitted  on  top.  The  impeller  assembly  v.  -as  completed 
I 
by  pushing  a  solid  glass  pivot  I,  through  the  centre  of  the  impeller 
-pas-,  ing  through  a  hole  in  the  piddle  of  the  magnet. 
In  the  top  and  bottom  of  the  inside  of  the  pump  housing  teflon 
flpýLds"j  Hv  were  fitted  as  bearings  for  the  glass  pivot.  The  master 
magnet  used  to  rotate  the  impeller  was  identical  to  that  fitted 
in  the  pump  rotors.  This  master  magnet  was  situated  1  mm  from  the 
bottom  of  the  pump  housing  and  was  directly  connected  to  a  variable 
speed  Cetenko  motor  (KP  QS  1200).  With  this  arrangement  very 
p,  ffective  magnetic  coupling  was  obtaineap  and  the  P=p  rotor  could 
be/ 102 
be  maintained  at  11000  rpm  in  air  and  in  solution  at  400  rpm. 
Specifically  designed  Delrin  coupling7s,  G,  were  threaded  into 
the  pump  wall  at  an  angle  of  60  0  to.  each  other.  The  impeller  was 
mounted  1116"  off  centre  in  the  pump  body,  when  this  was  rotated  at 
speedt  solution  was  driven  round  the  edge  of  the  impeller  and  was 
drawn  in  one  coupling  and  forced  out  of  the  other  causing  a 
circulatory  pumping  action.  The  pump  was  te-sted  at  atmospheric 
pressureq  although.  it  would  not  pump  against  a  head  of  water  (as 
expected)  it  circulated  solution  in  a  closed  system  with  great 
efficiency. 
Further  tests  were-carried  out  in  situ  in  the  final  completed 
reverse  osmosis  systemsection  (4-3-5-). 
I 103. 
40.2  Reservoir  anfl  Pressure  Transmitting  System. 
The  reservoir  and  diaphragm  are  shown  in  figure  (4.9).  This 
arrangement  consists  of  a  relatively  large  vessel  built  from 
Delrin  in  two  sections,  A,  and  31  which  were  firmly  clamped 
between  1/211  thick  Stainless  Steel  plates,  G9  using  3/8"ýStainlesB 
Steel  bolts,  I.  Between  the  top  and  bottom  sections  of  the  cell 
a  rubber  diaphragm  was  fixed.  This-diaPhragm  made  an  effective  seal 
between  the  two  sections  and  transmitted  the  applied  external  pressure 
to  the  solution  in  the  system.  The  pressure  was  applied  to  the  small 
bottom  section  of  the  reservoir  which  was  connected  to  the  nitrogen 
cylinder  via  a  flexible  pressure  line. 
A  series.  of  diaphragms  were  tried;  before  use  each  was  cleaned 
with  chloroform  and  carbon  tetrachloride  and  was  washed  overnight 
in  Decon  75  detergent  solution  to  remove  any  organic  or  inorganic 
impuritics,  which  might  dissolve  out  into  sol  ution.  C, 
Neoprene  rubber  1/32"  thick  was  used,  relatively  successfully, 
howeverp  the  area  exposed  to  solution  tended  to  discolour  after  a 
few  days  suggesting  a  reaction  with  the  salt  solution,  probably 
leaching  out  of  some  material  into  the  solution.  Also,  if  extended 
to  any  great  extent  this  rubber  easily  ruptured.  Butyl  rubber  1/16" 
thick  was  tried  next  and  although  this  was  very  strong,  it  discoloured 
as  before.  White  silicon  rubber  1/1611  thick  was  investigated  next. 
This  was  verY  Porous  to  nitrogen  gas.  It  was  also  extremely  soft  and 
easily  torn.  The  edges  of  the  top  and  bottom  of  the  reservoir 
cut  the  silicon  rubber  diaphragm  held  between  them  into  a  neat 
circle.  A  composite  diaphrý--gm  consisting  of  silicon  rubber  on  the 
solution  side  and  butyl  rubber  on  the  nitrogen  side  was  an 
obvious  development  from  these  observations.  This  functioned 
incorporating  the  inertness  of  the  one  1vith  the  perfectly. 
strength  and  imParmeability  of  the  other.  The  edges  of  the  top 
and  bottom  of  the  reservoir  were  rounded  to  Prevent  cutting  the  silicon 
:  Layer/ 104. 
layer. 
This  diaphragm  was  expanded  while  fixed  in  the  reservoir 
by  applying  a  little  pressure  to  the  bottom  side  with  no  resistance 
on  the  solution  side.  0n  releasing  the  pressure  the  diaphragm 
remained  in  a  distended  shape  which  could  be  inverted  and  pushed  into 
the  bottom  of  the  reservoir  in  a  "cup"  shape  consequently  removing 
any  flexible  resistance  to  pressure.  This  ensured  that  none  of 
the  applied  pressure  was  used  to  inflate  the  diaphragm  when  the  vol=e 
of  solution  in  the  system  decreased-as  desalination  took  place. 
The  reservoir  above  the  diaphragm  had  a  capacity  of  400  cm3. 
This  was  filled  by  removing  the  threaded  plug,  H.  The  walls  of 
the  reservoir  were  made  1/2"  thick  to  withstand  the  high  pressures 
applied. 
This  method  of  transmitting  the  pressure  had  many  advantages 
and  few  disadvantages  over  the  method  lusually'  employed.  The 
solution  and  pressure  source  in  the  system  were  effectively 
separate.  Gas  could  not  be  absorbed  by  the-high-pressure  solution 
and  there  was  no  problem  of  leakage  round  the  side  of  the  diaphragmg 
as  there  would  be  in  the  case  of  a  piston  arrangement,  The  feed 
solution  also  remained  uncontaminated  and  corrosion-and  stray 
potentials  obviated. 105. 
4.3-3  Reverse  Osmosis  Coll  II 
Figure  (4-10)  gives  a  diagrammatic  sectional  representation  of  the 
reverse  osmosis  cell  II  and  figures  (4-7),  (4.8)  display 
photographically  the  cell  assembled  and  dismantled. 
The  cell  was  constructed  from  extruded  Delrin  bar,  10.5  cm. 
in  diameterj  in  two  sections,  R,  and  S,  with  cell  vialls  2  cm 
(minimum)  thickness,  to  withstand  the  high  applied  pressures. 
The  two  sections  were  held  together  by  six  3/8"  diameter  stainless 
steel  bolts.  Both  the  high  pressure  side,  R,  and  the'low  pressure 
side,  S9  were  drilled  and  tapped  to  accommodate  the  probe  electrodes 
which  were  inserted  at  positions2  Op  and  0.  The  membrane  was 
-positioned  beneath  the  compartment2  K.  The  high  pressure,  -electrode 
penetrated  this  compartment  above.  the  centre  of  the  membrane. 
Solution  vras  pumped  through  this  compartment  and  across  the  membrane 
surfacepentering,  and  leaving  by  way  of  the  angled  channels,  L9  and,  T, 
respectively.  The  compartmentp  Kp  was  2.1  cm.  long  by  1.8  cm. 
across  with  a  depth  of  2-5  mm-  'The  narrow  aperturesq  V,  Up  where 
solut.  ion  entered  the  compartmenty  K2  were  1..  8  cm.  long  by  2.0  mm. 
in  height.  These  directed  the  entering  solution  at  an  angle  of  600, 
As  a  consequence  of  this  geometry  the  velocity  of  the  circulating 
solution  was  a  maximum  over  the  membrane  surface.  The  membrane 
was  sealed  at  its  perimetel  edges  by  a  circular  silicone  rubber  gasket, 
B,  2  =.  thick.  In  this  a  recUngular  c.  entral  hole  was  cut  exactly 
matching  the  shape  defined  by  the  compartment,  K.  This  defined 
the  'working'  area  of  the  membrane  and-presented  no  resistance  to 
the  flow,  over  the  membrane. 
The  membrane  vras  supported  on  a  wedge  shaped  piece  of  porous 
teflon,  C2  which  fitted  flat  into  the  bottom  of  the  cell.  The  top 
and/ 106. 
and  bottom  of  the  cell  were  sealed  with  the  neoprene  o-rings,  D. 
The  top'of  the  cell  was  stepped  and  the  bottom  recessed  to  accommodate 
the  larger  outer  o-ring  and  the  bottom  grooved  to  hold  the  smaller 
inner  one.  It  was  of  absolute  importance  to  carefully  adjust  the 
relative  thickness  of  the  o-rings  and  the  silicon  rubber  gasket,  B, 
in  order  that  the  perimeter  of  the  membrane  was  sealed.  If  either 
of  the  o-rings  was  too  thick  when  fully  compressed,  solution  would  be 
able  to  escape  round  the  membrane  into  the  bottom  of  the  cell. 
Although  the  porous  teflon  material  used  in  the  backing  plate  was 
fairly  strong  and  inflexibleý  it  did  compress  under  the  applied 
pressure.  By  machining  an  angled  section  in  the  bottom  of  the  cell 
and  cutting  the  backing  plate  in  a  wedge  to  fit  this  exactlyf  the 
compression  was  prevented.  The  backing  plate  was  placed  in  a 
channelled  bottom  sectiony  Ej  in  which  very  fine  holes  had  been 
drilled.  This  allowed  the  product  solution  to  escape  into,  H, 
where  a  horizontal  capillary  could  be  fixed  and  samples  collected. 
Holes,  two  millimetres  in  diameterp  F2  were  drilled  throughp  B, 
into  the  backing  plateg  Cp  stopping  1  millimet-re  from  the  top 
surfa,  ce.  Into  these  the  low  pressure  electrodesq'Iq  were  screwed 
penetrating  as  near  to  the  membrane  surface  as  possible. 
Specifically  designed,  right  angled  couplings,  19  made  in 
Delrin  were  screwed  into  the  top  of  the  cell  and  sealed  with 
'Red  Fibre'  washersqP  .  These  couplings  were  threaded  in  such 
a  v;  ay  that  when  fully  screwed  home  they  were  positioned  facing 
1800  from  each  other,  thus  allowing  easier  coupling  with  the 
rest  of  the  system. 107. 
4.3-4.  HARVFjLL  REVERSE  OSLOSIS  SYSTDL 
In  order  to  obtain  reverse-osmosis  data  at  hiah  applied 
pressureg  experimental  time  was  obtained  on  a  hi0h  pressure  reverse- 
osmosis  apparatus..  This  was  supplied  to  the  Engineering  '.  Department 
of  Glasgov/  University  by  the  Harviell  Atomic  Energy  Research 
Establishment. 
The  system  was  entirely  constructed  in  stainless  steel. 
Solution  was  pumped  through  the  system  and  pressurised  by  an 
Air  Hydro  Pump.  An  'Accumulator'  was  employed  in  the  system  to 
smooth  out  pressure  pulsation  and  the  pressure  was  maintained 
constant  by  a  nitrogen  filled  'Back-  Pressure  Valve'. 
The  cell  in  which  the  membrane  was  housed  was  similar  in  design 
to  that  described  in  section  (  4.3-3).  A  porous  steel  support  was 
used  for  the  membrane.  The  exposed  area  of  the  membrane  tus 
12-57  cM 
2 
and  the  flow  rate  of  circulating  solution  500  CM3.  min7l. 
The  volume  of  the  system  was  some  12  litres. 
The  reverse  osmosis  characteristics  of  aC  60  Normal  and 
C  60  Expanded  membrane  for  an  0  .  10M  feed  solution  were  determined 
2 
at  both  1000  and  1500  lbs-in7 
Solution  was  pumped  into  the  system  from  a  thermostated  tank  and  the 
first  three  litres  used  to  clean  the  system  and  then  discarded. 
Once  the  system  was  filled  with  solution  the  valve  from  the 
thermostated  tank  to  the  pump  was  closed  and  pressure  was  built  up  - 
in  the  system. 
Each  of  the  membranes  was  investigated  for  t1welve  hours  at 
2 
both  1000  and  1500  lbs.  in- 
The  desalinated  product  solution  was  run  from  the  lovi  pressure 
siae 
of  the  membrane  cell  into  a  glass  vessel.  The  flow  rate  was 
determined/ 108. 
determined  by  weighing  the  amount  of  solution  which  had  passed 
through  the  membrane  in  several  one-hour  periods.  The  product 
concentration  was  determined  from  samplos  collected  at  various 
stages  of  an  experiment  and  was  found  not  to  change  with  time. 
The  potentiometric  method  section  (4.1.12.2)  was  used  to  determine 
the  concentration  of  the  product  solution.  The  product  concentrations 
were  found  to  be  reproducible  to  ±  LU%  and  the  water  flux  to  t  2.  VjO 
in  separate  experiments  at  each  pressure. 
4 log. 
4-3-5  The  Reverse-Osmosis  System 
The-relative  positions  of  each  vessel  in  the  completed  reverse 
osmosis  system  are  sho%m  in  figure.  (4.12).  Ay  is  the  reverse  osmosis 
12 
cell,  on  either  side  of  this  are  the  circulatory  pumps  BvB 
Pressure  was  applied  from  a  nitrogen  cylinder  through  the  metal 
coupling,  J)  by  the  diaphragmp  Kp  situated  in  the  bottom  part 
I 
of  the  solutions  reservoir,  Cr  Each  vessel  was  mounted  in  an 
adjustable  stand  and  the  whole  assembly  was  contained  in  a  large 
box  made  from  1/4"  thick-perspez.  This  had  a  sliding  front  to 
alla,  v  access  to  the  system.  This  box  served  a  dual  roley  providing 
protection  against  any  accident  when  the  system  was  under  pressure 
and-acting-as-an  air  thermostat  tank.  -The  temperature-was  maintained  at 
25  t 
-050C  by  a  platinum  thermometer  and  Haaks  relay  (TP-32)  which 
controlled  a  250  watt  heater  connected  in  front  of  a  powerful  air 
blowero  Stainless  steel  couplings  to  fit  into  -the  veszels  and 
flexible  hose  assemblies  to  connect  the  vessels  were  obtained 
-commerciallyg 
(George  Boyds  Ltd.  )  and  (Palmer  Aero  Products  Ltd). 
The.  latter  consisting  of  P.  T.  F.  B.  sleeves  strengthened  by  stainless 
steel  mesh  and  fitted  with  mild  steel  cadmium  plated  ferrules. 
However2  after  fourteen  days  the  couplings  began  to  show  signs  of  rust. 
Nickel  plating  the  couplings  and  ferrules  was  tried  without  success 
and  they  had  to  be-discarded.  Undoubtedly,  a  corrosion  cell  was 
created  between  the  two  different  types  of  steel  causing  them  to  rust 
Sm  the  presence  of  electrolyte.  Eventually  flexible  plastic  hose'was 
obtained  (Intech  Type  100  hose)  and  Delrin  hose  couplings  were 
machined  and  fitted  to  it.  Cell  couplings  to  connect  each  vessel 
to  the  hose  couplings  viere  also  machined  from  Delrin,  E,  Fig.  (  49  ). 
i3y  cutting  a  shoulder  in  those  which  flattened  against  the  cell  viall 
a  very  tight  seal  was  obtained.  These  machined  couplings  were 
generally/ 110. 
generally  very  successful.  The  hose  couplings  held  pressure 
at  600  lbs/in  2 
when  only  hand  tight.  They  also  finally  eliminated 
all  metal  from  the  system  and  with.  it  the  problem  of  corrosion. 
Each  vessel  and  length  of  pressure  tubing,  Yras  pressure  tested 
to  800  lbs/in  2  by  directly  applying  nitrogen  gas  pressure  with 
the  vessel  contained  under  water.  Any  leaks  were  immediately 
indicated  by  a  stream  of  gas  bubbles.  At  this  stage  it  was  discovered2 
contrary  to  the  manufacturer's  informationg  that  extruded  Delrin  bar 
from  which  each  vessel  was  constructed,  was  porous  through  the  centre.. 
This  apparently  disastrous  informationg  however2  only  affected  the 
circulatory  pumps  as  all  the  other  vessels  were  drilled  and  'tapped' 
--in  the  centre.  The  central-core-of  the-pump  bodies  was  remn  ed  and 
a  solid  piece  of  slightly  tapered  Delrin  rammed)using  a  hydraulic  press, 
into  place.  This  new  centre  core  was  machined  and  new  bearings  fitted. 
The  flow  created  in  the  final  system  by  the  two  circulatory  pumps 
and  the  effect  of  this  flow  at  the  membrane  surface  was  investigated:  - 
--With 
the  system  completely  full  of  solution  the  -maximum  -rate  of 
rotation  of  the  pumps  was  450  rPm-  At  this  rate  the  velocity 
of  the  solution  in  the  flexible  connecting  hose  was  1.7  feet/second, 
and  the  volume  flow  at  the  membrane,  through  the  angled 
channels  (1.8  cm.  long  and  2  mm.  high)  was  1.0  litre/minute. 
The  effectiveness  of  the  flow  at  the  membrane  surface,  which 
would  be  impaired  by  the  formation  of  trapped  air  in  the  compartment 
above  the  membrane  and  by  an  uneven  flo-.,  -;  over  the  membrane  surfaceq 
was  investigated  by  firstly  sealing  a  glass  plate  in  place  of  the 
membrane  and  secondly  by  adding  photographic  developer  or  'fixer$  into 
the  feed  solution  and  replacing  the  membrane  by  a  piece  of  exposed 
pilotographic  film. 
trapped/ 
The  glass  plate  showed  there  weftno  air  bubbles ill. 
trapped  in  the  compartment  and  no  apparent  uneven  flow  distribution 
over  the  surface  of  the  membrane.  This  was  confirmed  by  the 
photographic  film  which  was  blackened  by  the  developer  and  cleared 
by  the  fixer  in  a  comPletely  uniform  way.  On  the  numerous 
occasions  this  procedure  was  carried  out)  varying  the  strength 
of  the  reagent  and  the  time  of  'exposure'  to  it,  no  striated 
or  unreacted  areas  ivere  found.  Each  time  the  flow  caused  the  whole 
exposed  area  of  the  film  to  be  completely  blackened  or  cleared. 
Iri  order  to  determine  whether  the  magnetic  coupling  was  intact 
and  the  impellers  rotating  during  a  pressure  experimentp  a  stirring 
magnet  was  placed  on  the  top  of  the  pump  casing.  This  could  not 
be  rotated  by  the  master  magnot(underneath  the  pump)if  the  impeller 
was  stopped.  These  stirring  magnets  thus  g--ve  a  visual  indication 
of  the  rotation  rate  (if  any)  of  the  impeller. 
p 
I 112. 
4.3.6  Pressure  Line  and  Pressure  Ileasurement 
A  standard  nitrogen  cylinder  was  connected  to  the  reMrvoir 
vessel  ICI  by  flexible  pressure  hose  (Tecalan  Type  100)  through 
a  spun  steel  two  litre  bomb  (Hoke  s=pling  cylinder)  and  a  series 
of  needle  valves  (Hoke  two-way  sampling  valve). 
Pressure  was  applied  by  adjusting  the  valve  on  the  nitrogen 
cylinder  (Pressure  Controll  Ltd.  31780/1)  to  a  calibrated  position, 
thus  filling  the  steel  bomb  to  the  desired  pressure.  By  releasing 
the  two-way  needle  valve  fixed  into  the  end  of  the  bomb2  pressure 
was  slowly  leak.  ed  into  the  rest  of  the  system.  Applying  pressure  in 
this  way  protected  the  Delrin  vessels  against  any  accidental  surge 
of  a  destructively  high  pressure.  The  pressure  was  maintained  constant 
at  an  exact  value  by  having  the  valves  in  the  nitrogen  cylinder  and 
in  the  pressure  bomb  open.  By  this  method  the  nitrogen  cylinder  acted 
as  a  high  pressure  resEWoir  feeding  pressure  into  the  system  thus 
c=pensating  for  any  leaks.  The  pressure  bomb  acted  as  a  resMoir, 
at  the  applied  pressure,  smoothing  out  any  changes  in  the  volume  of 
the  system. 
The  pressure  was  measured  by  a  Budenberg  Standard  Test  Gauge 
to  ±  0.2511'o.  This  was  calibrated  for  use  on  gas  and  was  situated 
between  the  pressure  bomb  and  the  diaphragm.  In  order  to  determine 
vihether  the  pressure  at  the  membrane  corresponded  to  that  recorded  on 
the  Budenburg  gauge,  (no  pressure  loss  across  the  diaphragm)  an 
electronic  pressure  senser  (Bell  &  Howell  Pressure  Transducer  4-366 
.  000  1,01110)  was  connected  in  a  Delrin  mounting  next  the  reverse 
Osmosis  cell.  This  senser  vras  "excited"  by  a  10  volt  D.  C.  source 
and  functioned  in  the  range  0-  1000  lbsAn2  to  an  accuracy  of 
>±0,251,4v.  The  millivolt  output  was  monitored  on  a  SoIbLtron 
Digital  Voltmeter  (A.  210).  The  electronic  senser  indicatea  there 
I 
was  no  pressure  loss  across  the  diaphragm.  As,  the  sense'r  was  made 
in  stainless  Steel  it  was  not  constantly  kept  in  the  solution 
system,  but  vms  used  at  intervals  to/ 113. 
check  the  pressure  in  the  solution  and  to  act  an  a  double  check 
on  the  Budenburg  gauge. 
4-3-7-  Desalination  14'easurements. 
Solution  was  degassed  and  allowed  to  thermally  equilibrate 
to  250C  in  the  air  thermostat  box  before  use.  The  bottom  of 
the  cell  including  the  porous  teflon  supporting  plate  was  thoroughly 
cleaned  and  dried  before  each  experiment  and  the  low  pressure 
electrode  access  ports  in  the  bottom  of  the  cell  were  sealed  with 
blank  screws  when  not  in  use*. 
The  membrane  was  dipped  in  distilled  water,  lightly  blotted 
and  placed  on  top  of  the  backing  plate  in  place  in  the  bottom  of 
the  cell.  The  silicone  rubber  gasket)Bj  was  positioned  in  the 
top  of  tho  cell  with  its  edges  ali 
. 
gned  with  those  of  the  compaiLent, 
Y.,  fig  (4.10)  thus  defining  the  exposed  area  of  the  membrane.  Tho 
-ogether  and  the  stainless  steel  bolts  two  parts  were  then  fitted 
If. 
evenly  tightened  to  80  in/lb.  with  a  torque  wrench. 
The  cell  was  filled  with  solution  by  a  pasteur  pipette  from 
y 
the  access  port,  Op  figure  (4.10)  which  was  then  sealed  by  a  blank 
screw.  The  cell  was  then  mounted  into  its  holder  and  connected  to 
the  other  vessels  in  the  system,  which  was  then  filled  via  the 
threaded  port  in  the  top  of  the  reservoir)  K.  The  whole  assembly 
presents  a  closed  system.  As  a  consequence  air  pockets  tended  to 
be  trapped  during  the  filling  process.  To  remove  these  the 
couplings  on  either  side  of  the  cell  were  alternatively  loosened 
allowing  solution  and  trapped  air  to  escape,  The  system  was  then 
left  with  the  pumps  running  and  the  portqKq  in  the  reservoir  open. 
The  remaining  air  bubbles  trapped  in  the  system  were  broken  up  and 
circulated  in  a  stream  by  the  pumps.  These  escaped  at  the  open 
port/ 114. 
portqK.  When  no  more  air  bubbles  appeared,  the  system  was 
finally  'topped  up'  and  the  plug,  H2  figure  (4.9)  screzed 
into  place  sealing  the  system. 
Pressure  was  applied  as  described  in  section  (4-3.6)  and  the 
capillary  fitted  into  the  low  pressure  side  of  the  cell.  The 
volume  flow  along  the  capillary  was  measured  at  each  pressure 
(1)  immediately  solution  appeared  in  the  capillary 
(2)  at  some  intermediate  timep  and 
(3)  near-the  end  of  the  experiment. 
Since  the  area  of  membrane  exposed  was  small  (3  cm 
2)a 
considerable 
time  was  required  for  solution  to  appear  in  the  capillary, 
consequently,  the  volume  flow  Jvwas  generally  monitored  over  a  I. 
twenty-four  hour  period.  On  specifically  chosen  occxions  various 
membranes  were  'run'  on  this  system  at  400  lbs/in  2 
for  forty_e,  611t 
hours  to  ascertain  if  Jv  changed  with  time  (due  to  compaction  of  the 
membrane).  Samples  for  the  determination  of  product  concentration 
were  taken  from  just  beneath  the  membrane  surface  at  the  low 
pressure  side  by  inserting  a  Hamilton  syringe  through  the.  ports 
on  the  low  pressure  side  of  the  reverse  osmosis  cell.  Samples, 
__0.08  cm39  were  extracted  in  this  way  and  the  concentri;  Ltions  determined 
by  potentiometric  titration  of  the  chloride  ion  as  described  in 
sections  (4.2-3.2.  ).  The  volume  flow  and  product  concentration  were 
investigated  at  two  applied  pressures  200  lbs/in  2 
and  400  lbs/in  2 
on  this  system.  At  each  of  the  two  pressures,  data  on  volume  flow  and 
product  concentration  were  obtained  over  at  least  three  separate 
experiments,  for,  a  series  of  membranes  and  the  average  values 
calculdted.  Reproducibility  for  volume  flOIv  Was 
1  1.0%  and  for 
product  concentration  was 
t  2.1  ý-'p  0 115. 
4.4  Si3ver/Silver  Chloride  Milli-Probe  Electrodes 
Electrodes  of  a  specific  design  were  required  to  make  potential 
measurements  across  the  membrane9during  the  reverse  osmosis  process. 
It  was  necessary  thatthese  conform  to  certain  requirements  imposed 
by  the  conditions  in  which  they  would  be  used.  The  silver/silver 
chloride  electrode  is  an  obvious  choice  for  making  potentiometric 
measurements  in  a  sodium  chloride  solution  these  have  been  used  and 
(24)  (25)  (26)  (27) 
investigated  by  many  workers.  These 
electrodes  have  a  number  of  assets  in  that  they  are  basically 
relatively  smalýq  can  be  used  in  any  position  and  will  not 
contaminate  the  system  in  which  they  are  immersed.  This  current 
application  required  that  the  electrodes  should  be  small  enough 
to  be  incorporated  close  to  the  surface  of  the  membrane  in  the  reverse 
osmosis  cell  and  that  they  did  not  interfere  with  the  flow  of 
solution  past  the  membrane.  They  must  be  easily  mounted  into  a 
housing.  which  could  be  sealed  into  the  reverse  osmosis  cell  and 
withstand  the  high  pressures  applied.  Finally,  as  the  potentials 
to  be  measured  Nvere  not  large  (in  the  order  of  50  mV)  the  bias 
potentials  between  the  electrodes  used  had  to  be  very  small  <0.05mV 116. 
PREPARi.  TION  AND  DITEWMNT, 
4-4.1,  Desi!,  -n 
The  first  electrode  design  used  is  shown  diagrammatically  in 
Fig.  (4-11A).  Both  high  and  low  pressure  electrodes  were  made 
to  this  design)  the  former  being  generally  larger  than  the  latter. 
The  probe  consisted  of  a  forged  silver  billet  3  mm.  in  diameter, 
H,  into  which  two  0-75  mm.  diameter  silver  wires  A,  and  G  were 
silver  soldered  and  cut  to  the  required  length.  The  billet  was 
then  threaded  and  the  tip  Of  the  wire,  Gt  machined  to  a  fine  point 
with  a  30  0  taper.  The  electrode  housing  was  constructed  in  Delrin 
which  has  excellent  insulating  properties.  Fig.  (4-11.  A) 
A  hexagonal  bolt  head  was  cut  in  this  bousing  and  the  outside 
threaded  to  enable  the  whole  electrode  assembly  to  be  tightly  secured 
into  the  reverse  osmosis  cell.  The  inside  of  the  housing  was  threaded 
to  incorporate  the  silver  billetv  and  the  bottom  threaded  and 
countersunk  to  allow  the  end  pieceý  Fp  to  be  fitted. 
For  assembly  the  silver  billet  was  lightly  covered  in 
casting-Araldite  and  tightly  screwed  into  the.  housing.  The  bottcm 
face  of  the  billet  and  the  thread  of  the  end  piece,  P,  were  covered 
with  Araldite  and  the  end  piece  screwed  into  place.  The  excess 
Araldite  was  pushed  round  the  edges  and  through  the  centre  hole  of 
the  end  piece  sealing  the  whole  assembly.  The  Araldite  coating 
and  Delrin  housing  efficiently  insulated  the  billet. 
The  tapered  tip  of  the  wire,  G,  was  cleaned  in  ammonia  solution 
and  nitric  acid  solution  to  remove  any  surface  halides  or  oxides 
and  finally  washed  in  water.  It  was  then  (temporarily)  lightly 
.  C. 
The  rest  of  the  wire  protruding  from  the  coated  in  paraffin  vrax. 
, housing  %vas  insulated.  Various  insulations  were  tried,  the  first  was 
a  commercially  supplied  lacquer  applied  as  a  fine  spray.  (Clear 
Insulation/ 117. 
Insulation  Lacquer,  R.  S.  Components  Ltd.  )  Thisy  howeverg  was 
brittle  and  appeared  to  be  attacked  by  the  sodium  chloride  solution 
which  was  also  able'to  penetrate  between  the  lacquer  and  the  silver 
wire,  rendering  the  insulation  valueless.  This  problem  also  applied 
to  the  various  types  of  araldites  used  which  were  also  difficult  to 
apply  in  a  thin  layer,  adding  greatly  to  the  diameter  of  the  probe 
.  wire.  The  insulation  found,  to  be  most  successful  was  a  vinyl 
co-polymer  resin  coating  applied  by  an  aerosol  spray  (Fison 
Scientific  Apparatus  V  , 
VC)"  This  proved  to  be  very  satisfactory 
being  easy  to  apply,  very  durable  and  provided  good  insulation. 
By  using  a  white  vinyl  coating  any  imperfections  in  the  insulation 
were  easily  detected.  The  paraffin  wax  was  removed  from  the  tip 
of  the  silver  wire  and,  a,  fresh  layer  of  silver  exposed  by  anodising 
in  a  0.100  Molar  solution  of  silver  nitrate.  In  order  to  reduce 
and  control  the  current  density  at  the  tip  of  the  silver  wire  the 
electrodes  were  connected  in  parallel  to  a  two  centinfetre  square 
piece  of  silver  foil.  In  this  way  the  current  density  to  the  probe 
electrodes  could  be  easily  controlled.  The  electrodes  were  washed 
in  distilled  water  after  anodising  in  the  silver  nitrate  solution. 
They  were  then  chloridised  in  an  0.100  Molar  hydrochloric  acid  solution 
using  a  platinum  gauze  cathodeq  by  applying  a  current  of  2-5  milliamps/CM 
2 
for  about  15  minutes.  Dry  nitrogen  gas  was  bubbled  into  the  hydrochloric 
acid  solution  during  the  chloridising  process.  This  aids  in 
reducing  the  silver  oxide  formation  on  the  electrodes.  Better  bias 
potentials  were  obtained  when  this  procedure  was  used.  When  the 
electrodes  had  been  chloridised  they  were  washed  overnight  in  distilled 
water  and  then  left  short-circuited  in  an  0.100  molar  sodium  chloride 
solution  for  two  to  three  days.  Pairs  of  electrodes  viere  chosen  by 
selecting/ 118. 
selectinC;  those  with  the  smallest  bias  potentials.  These  were 
kept,  connected  togetherý  in  a  fresh  0.100  Molar  sodium  chloride 
solution  for  one  week. 
The  electrodes  produced  by  this  method  were  found  to  have  bias 
potentials  varying  between  ±  0.1  mV  and 
t  1.0  mV.  In  an  endeavour 
to  improve  this  the  current  density  and  the  length  of  time  the  current 
was  applied  was  varied,  but  with  little  improvement.  These  electrodes 
were  consequently  of  no  use  for  making  accurate  potential  measurements. 
They  did)  however,  provide  insight  into  the  actual  potential  range 
that  was  finally  measured  and  they  demonstrated  that  the  design  of 
the  electrode  housing  was  efficient.  This  withstood  the  high 
pressures  applied  in  the  reverse  osmosis  cell,  and  completely  sealed 
the  electrode  in  place. 
Strains  'set-up'  in  the  silver  billet  during  forging  and  machining 
were  the  probable  cause  of  the  large  bias  potentials  in  these 
electrodes.  In  an'attempt  to  prepare  better  electrodes  without 
using  a  billet,  the  tips  of  I  mm.  diameter  platinum  wire  were 
electrolytically  plated  with  silver  and  chlorodised  using  tho 
method  of  Brown 
(29) 
. 
Ten  6  cm.  lengths  of  wire  ivere  treated  in  this 
wayp  pairs  chosen  and  left  shorted  for  one  week.  At  the  end  of  this 
time  bias  potentials  were  measured.  These  were  found  to  be  no 
better  than  before. 
4.3-4.2.  The  electrodes  finally  used  in  this  work  were  developed 
from  these  platinum  wire  electrodes.  A  standard  preparation  for 
silver/silver  chloride  electrodes  is  the  Thermal-Electrolytic  method 
(29) 
outlined  in  Ives  &  Janz  However,  the  electrodes  generally 
prepared  in  this  way  are  bulky,  usually  mounted  in  a  glass  supportq 
therefore  a  means  of  reducing  the  size  and  incorporating  them  into 
the/ 
0 3 
lig. 
the  electrode  housine;  was  required. 
Silver  wire  0.50  mm.  in  diameter  was  cut  into  6  cm.  lengths 
and  washed  alternately  in  ammonia  and  nitric  acid  solutions. 
Approximately  6  cm.  lengths  of  thick  walled  pyrax  capillaries  1-5  mm. 
in  diameter  (internal)  were  out.  One  end  of  each  was  sealed  and  drawn 
out  to  a  fine  point.  Dry  AnalaR  grade  silver  oxide  powder  was 
pushed  into  the  capillaries  and  tightly  packed  into  the  tapered 
point.  The  lengths  of  silver  wire  were  then  pushed  into  each 
capillary  and  their  ends  buried  in  the  silver  oxide.  These  were  then 
placed  upright  in  a  muffle  furnace  (Gallerl,.  amp.  Scientific  Instruments) 
and  the  temperature  raisedg  to  450  0C  and  maintained  for  three  hours. 
In  order  to  prevent  any  thermal  shock  which  might  crack  the 
porous  tip  the  electrodes  were  left  to  cool  slowly  inside  the  oven. 
Once  cool  the  wires  with  the  new  pointed  porous  silver  tips  were 
easily  withdrawn  from  the  capillaries.  The  wire  above  the  silver 
tip  was  insulated  with  the  vinyl  co-polymer  resin  and  the  electrodes 
washed  overnight  in  distilled'viater.  They  were  then  chloridised  in 
0.100  Molar  hydrochloric  acid  solutioný  as  before.  section  (4-3.4-1) 
By  alternating  the  polarity  of  the  electrodespassing  a  current  of 
2m  amps/=2  for  five  minutes  in  each  direction,  the  chloride 
coating  was  alternately  applied  and  removed.  This  procedure  helped 
the  final  layer  of  chloride  to  be  applied  as  a  smooth  even  coating 
on  each  electrode.  The  final  chloridisaýion  was  accomplished  by 
passing  2-5  m  amp/=2  for  twenty  minutes.  Nitrogen  gas  was  bubbled 
into  the  solution  while  cýlorodisation-was  taking  place  and  the  solutions 
were  degassed  before  use.  The  chloride  appeared  as  a  dark  grey  layer. 
After  chloridising  the  electrodes  were  left  short-circuited 
for  two  days  in  distilled  water  and  for  another  two  days  in  0.100 
Molar  sodium  chloride.  The  bias  potential  between  selected  pairs 
was/ 120. 
was  measured  and  found  to  be  in  the  range  +  0-15  to  +  0-05  MV 
depending  on  the  matched  pair.  The  pairs  were  left  shorted  for 
another  weekq  the  sodium  chloride  'solutions  being  changed  each 
day.  After  this  period  the  bias  potentials  were  remeasured, 
the  maximum  discrepancy  was 
t  0.01  mV  and  for  any  pair  used  in 
the  potential  measurements,  was  never  greater  than  10-005 
mV- 
Figure  (4-11.  B.  )  shows  how  these  were  housed.  Araldite  was  mixed 
and  gently  heated  until  it  obtained  a  thinner  consistency.  The 
chloridised  porous  tip  of  the  electrode  was  protected  by  soft 
tissue  paper  and  the  wire  coated  in  Araldite  and  twisted  into  the 
Delrin  housing,  DI  through  the  fine  hole  drilled  in  the  centre, 
until  it  protruded  at  the  top.  The  length  of  wire  protruding 
at  the  bottom  was  adjusted  and  the  countersunk  bottom  sectioný  P, 
filled  with  more  Araldite.  The  whole  assembly  was  left  overnight 
in  an  oven  at  40  0  C.  Once  the  Araldite,  dried  the  electrodes  were 
firmly  fixed  in  place.  The  chloridising  procedure  was  repeated 
for  these  housed  high  pressure  electrodes  each  connected  to  its 
own  group  of  wire  electrodes  from  which  the  most  compatibje  were 
chosen  (bias  potential<5  )aV).  The  wire  electrodes  viere  used  without 
housing  in  the  low  pressure  side  of  the  cell.  When  not  in  use  the 
electrode  pairs  remained  short-circuited  in  the  solution  in  which 
they  would  be  used. 
P  erfect  electrical  connections  to  the  electrodes  were  found  to 
be  critically  important.  Many  unacceptable  bias  potentials  measured 
could  be  attributed  to  bad  electrical  connections  and  not  differences 
in  the  electrodes.  To  overcome  this2  very  fine  insulated  wire  %as 
soldered  to  each  of  the  electrodes  and  small  crocodile  clips  soldered 
to  the  other  end. 
In  preparing  the  electrodes  the  solutions  used  were  AnalaR  grade 
. 
and  no  purification  by  recrystalisation  was  found  to  be  necessary. 
Four  pairs  of  electrodes  were  used  and  alternated  ovor  a  period  of 121, 
six  months.  If  requiredq  pairs  were  rechloridised.  However,  the 
bias  potential  of  at  least  two  of  the  pairs  remained  less  than 
0.01  0  over  this  period. 
Undoubtedly  the  success  in  producing  electrodes  which  could 
be  used  in  the  high  pressure  system  was  crucial  to  the  success 
of  this  work. 1  1229 
4-5  Pressure  lbtential  Measurements 
Potential  measurements  were  obtained  by  two  different  procedures: 
(1)  The  reverse  osmosis  cell  was  assembled  and  filled  as  described 
in  section  (  4.3-7)  The  bias  potential  between  probe  electrode 
I.  pairs  was  measured  and  the  best  pair  selected  (bias  potential 
v  41  volts).  The  housed  electrode  was  screwed  into  place 
in  the  high  pressure  side  of  the  cell  with  its  tip  1-5  -  2.0  mm 
from  the  surface  of  the  membrane.  The  cell  was  connected 
into  the  complete  system  which  was  then  filledt  section  (4-4). 
The  low  pressure  side  of  the  cell  was  also  filled  with  feed 
solution  and'the  wire  electrode  probe  sealed  into  place  with 
paraffin  wax  or  plasticene.  Consequently  there  was  no 
concentration  gradient  across  the  membrane  before  pressure 
was  applied. 
(2)  In  the  second  procedure  the  cell  was  assembled  as  before, 
but  the  low  pressure  side  was  kept  completely  dry  and 
neither  electrode  was  put  into  place.  Pressure  was  applied 
and  the  desalination  process  was  allowed  to  proceed  until 
solution  was  evident  in  the  low  pressure  side  of  the  cell. 
The  membrane  thus  created  its  ovai  concentration  gradient; 
the  pressure  was  released  once  this  was  accomplished. 
The  electrodes  were  fitted  in  place  and  the  pressure  rev-established 
For  both  procedures  the  pressure  was  maintained  until  the  pressure 
I 
potential  readings  were  constant  for  at  least  two  hours  and  in  every  U 
case  the  membrane  was  investigated  over  at  least  a  twentY-four  hour 
period. 
In  the  first  method,  with  no  concentration  gradient  at  the 
beginning  of  the  experiment,  the  complete  Pressure  potential  profile 
as/ 123 
as  the  membrane  reacted  to  the  applied  pressure  and  created 
its  own  concentration  gradient  was  obtained. 
The  effect  of  short  piessure  pulses  on  the  membrane  (pressure 
was  applied  in  50  lbs/in 
2 
pulses  from  0-  400  lbs/in  2 
and  released 
in  50  lbs/in  2 
pulses  from  400  lbs/in2  to  zero)  and  the  subsequent 
effect  on  the  potential  was  measured  providing,,  useful  data. 
The  second  procedure  allowed  product  samples  to  be  obtained 
which  were  not  contaminated  by  traces  of  the  feed  solution. 
Samples  were  taken  from  the  eledtrodecompartmentg  on  the  low  pressure 
side,  at  the  tip  of  the  electrode  using  a  Hamilton  syringe.  The 
measured  concentration  of  these  dezermined  the  'concentration-coll' 
. 
contribution  to  the  total  reverse-osmosis  potential.  Section  (2.2.3.  ) 
With  both  procedures  the  volume  flow  was  measured  while  the 
potential  was  being  recorded. 
Goldrmith  and  Lolachi 
(23) 
report  that  flow  velocities  at  AQ  gc1 
electrodes  slightly  affect  the  electrode  potential  and  this  effect 
I 
,  was  observed  in  this  work  as  an  -unstability  in  the  potential  reading 
at  the  beginning  of  an  experimentusing  procedure  one.  To  overcome  CD, 
this  a  guard  tubejU,  Fig  (4'.  10)  was  designed  and  fitted  into  the 
I  topof  the  compartment,  K,  fig  (4-10)  to  cover  the  protruding 
electrode  tip. 
The  potentials  set  up  were  measured  in  a  Solktron  Digital 
Voltmeter  A.  210  and  were  recorded  on  a  Servo  Scribe 
potentiometric  chart  recorded  (IS.  ".  I.  E-541).  The  potential  signal 
from  the  electrodes  was  passed  through  a-pH  meter  (E.  l.  L.  M.  23A)  which 
6 
had  an  impedance  oflO 
Vb  before  connection  to  the  recorder. 
This  prevented  the  chart  recorder  drawing  current  consequently  ruining 
the  accuracy  of  the  potential  readings. 
The  total  emf  measurements  determined  by  both  methods  closely 
agreed  and  over  a  number  of  experiments  the  reproducibility  for  each 
membrane  was,  between 
±  0.5  -  1.0  mV. 124 
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1-I CIRCULATORY  PU11JP 
SECTION  DIAGRAM  FIGURE  4.6 
A  Top  section  of  pump  (Delrin.  ) 
B  Bottom  sec  tion  of  pump  (Delrin) 
Diameter  -  12  cmo  Total  Height  5j-  cm. 
C  Impeller  (Delrin)  Mounted  1/16"  of  centre 
twelve  teeth,  1/811  deep,  30  0  pitch. 
D  Yagnet  (from  Gallenkamp  Magnetic  Stirrer) 
E  Neoprene  o-ring  8  cm.  diameter  in  recession  5  mm-  x5  mm- 
F  3/81'  stainless  steel  bolts  torqued  to  50  lbs/in. 
0  Cell  coupling-(Deirin)  orientated  600  to  each  other. 
Teflon  bearing  cap 
Glass  Centre  Pivot 125 
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M6:  0  _.  am RESERVOIR/PRESSURS  TRANSMUTING  VESSEL 
SECTION  DIAGRM  FIGURE  4. 
A-  Top  section 
B-  Bottom  section. 
Overall  Diameter  10-5  cm-  , 
Overall  height  14-5  cm- 
C-  Rubber  Diaphragm  1/16"  silicon  rubber  on  top 
1116"  butyl  rubber  on  bottom. 
D-  Stainless  Steel  Coupling  to  pressure  line. 
E-  Cell  coupling  (Delrin)  2j  cm.  O.  D.  h  eady  with  1/1011 
shoulder  on  cell  face. 
F  Hose  coupling  (Delrin)  4  cm.  Diameter  collar  cm.  tail. 
0  Stainless  steel  plate  1/2"  thick. 
H-  Threaded  plue  (Delrin) 
-  3/8"  stainless  steel  bolts.  ' 
i-  Circular  steel  band  (for  matching  top  and  bottom  section  on  assembly) 
0 
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IT4 REVERSE  Oý)MOSIS  CELL  II, 
SECTIONAL  DIAGRM  "FIGURE  4.10 
A-  Membrane 
B-  Silicone  Rubber  Gasket 
C-  Backing  Plate  (Porous  Teflon) 
D-  Nooprene  o-rings 
E-  Drilled  Collection  Compartment 
F-  Low  pressure  electrode  Ports  1-5  mm.  diameter" 
G-  Threaded  port  for  (early,  desien)  low  pressure  electrode 
H-  Capillary  port 
I-  Early  low  pressure  electrode 
J  --3/8"  diameter  stainless  steel  bolts 
K-  Solution  compartment  2.1  cm.  x  1.8  cm.  x  2-5  mm- 
LvT.  -  Angled  solution  channels  (60  0) 
M-  Right  angled  cell  couplings 
N-  Pressure  hose  couplings 
0-  High  pressure  electrode  access  port 
P-  Red  Fibre  sealing  washers 
Stainless  steel  nuts  and  washers 
R  High  pressure  section  of  cell 
UIV  -  Narrow  angled  aperture  into  compartment  K,  1.8  cm.  x  2.0  mm. 
Overall  diameter  10-5  cm. 
Overall  height  8.2  cm. 129 SILVER/SILVER  CHLORIDE  ELECTRODE 
DESIGN  I  FIGURE  (4.11A) 
A-  Silver  -aire  1  mm.  diameter,  for  top  connection 
C-  Hexagonal  head 
D-  Threaded  high  pressure  electrode  housing-  (Delrin) 
F-  Threaded  end  piece  (Deirin) 
G-  Tapered  silver  wire  I  mm.  diameter  (300  taper) 
H-  Silver  billet  1/8"  diameter  2-5  cm.  long. 
=Simi  II  FIGURE  (4.11.  B) 
A  Silver  wire  1  mm,  diameter 
13  Araldite 
C  Haxagonal  Head 
D-  Threaded  High  Pressure  Electrode  Housing  (Delrin) 
E-  Araldite 
F-  Ar4dite 
G-  Porous  silver  tip 00 
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m THE  REVMSE  OSMOSIS  SYSTEM 
FIGURE  (4.12) 
A-  Reverse  osmosis  cell  (Delrin) 
B1,  B2  _  Circulatory  pumps'  (Del.  -in) 
Reservoir/Pressure  tran=itting  vessel  (Delrin) 
D-  Flexible  pressure  hose.  P.  T.  F.  E.  inner  sleeve  reinforced 
with  nylon.  Intech  Type  100  hose,  supplied  by  George  Boyd  Ltd. 
E-  Cetonko  Electric  Notor  (K.  P.  Q.  5,1200) 
F-  Master  magnet  (GallerLkamp  Magnetic  Stirrer  Type) 
G-  Impeller  (Delrin) 
H-  Anggled  cell  coupling  (Delrin) 
I-  Pressure  hose  coupling  (Deirin) 
J-  Stainless  Steel  Coupling  to-  Nitrogen  Cylinder 
K-  Rubber  diaphragm  consistin'  of  1/16"  silicon  rubber  on  top  Pg 
1/10"  butyl  rubber  beneath. 131 
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BASIC  EXPER=7TAL  TLADE  ON 
TIM  WC  -AND  XR-170  LMMIRMEES.  60-, 132. 
Measured  Properties  of  the  Range  of  60  and  XR  Membranes 
Tables  (5-1)  and  (5.2)  show  the  measured  physical  parý-meters  of  the 
range  of  C  60  membrý.  nes  studied  in  this  work  and  demonstrate  the 
effects  of  heat  pretreatment  on  the  mambrane2  in  0.214'  NaCl  and 
0.0  5Y  Caý  12*-  The  physical  parzýmetero  of  the  XR-170  membranes 
studied  in  0.111  NaCl  are  shown  in  Table  (5-3)  and  allow  comparison 
between  the  two  membrane  types. 
5.1-1-  Water  Content 
The  degree  of  swelling  in  a  fixed  charge  polymer  membrane  is 
determined  by  the  chemical  nature  and  physical  structure  of  the 
polymer,  especiallyg  the  degree  of  cross  linking,  the  fixed  charge 
concentration  of  the  matrixg  and  the  nature  of  the  equilibrating 
solution.  'Swelling  Equilibrium'  is  a  balance  of  opposing  forces. 
The  tendency  of  the  polar  and  ionic  groups  in  the  matrix  to  solvate 
and  consequently  stretch-the  matrix  is  opposed  by  the  tension  in  the 
extended  polymer  chains.  In  the  polymer  matrix  free  rotation  about 
chain  bonds  is  sterically  hindered,  and  because  of  the  random  nature 
of  the  cross-linking  reaction  some  of*the  lengths  of  chain  between  the  cros-,  _ 
21nks  Ivill  be  significantly  shorter  than  average,  When  the  resin 
swells  these  may  be  almost  fully  extended  and  their  bond  angles 
displaced  from  the  position  of  minimum  internz;  I  energy.  Since  these 
shorter  sub-chains  bear  a  major  share  of  the  swelling  stress,  this 
increase  in  internal  energy  acts  as  a  restoring  force.  Allowing  the  coiled 
polymer  chains 
(1) 
to  assume  a  more  energeticanpfý-vourable,  less  strained, 
position  by  heating  (kinetic  vibration)y  the  tension  in  these  sub- 
chains  is  reduced,  consequently  the  primary  offect  of  heating  is 
to  allow  greater  absorption  of  solvent  by  the  Polymer  matrix. 
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This  is  well  illustrated  in  Table  5-1-  The  water  content 
(weight  per  cent.  water  w.  r.  t.  dry  weight  of  polymer)  varies 
in  the  range  41  -  150'/of,  dependin-  upon  the  heat  pretreatment  process  U 
used.  The  membranes  may  be  divided  broadly  into  three  groups. 
In  the  range  40-50'p"  the  membrane  is  in  its  normal  condition, 
essentially  unexpanded  and  in  the  condition  which  it  would  be 
found  in  no=al  use.  This  group  is  desicnated  C  601T  by  Gardner 
(2)  (3)  (4) 
&  Paterson  By  moderate  heat  treatment  the  membrane 
in  its  usual  expanded  form  containing  8o-lOVS  water,  i.  e.  C  60E 
was  obtained.  With  further  heat  treatment  membranes  of  the  third 
group  were  obtained.  The  water  content  of  these  was  some  120-150%- 
This  suggested  a  considerable  relaxation  of  the  polymer  matrix 
brought  about  by  the  heat  pretreatment. 
Even  virithout  considering  the  two  'super  expanded'  meml5ranest 
of-the--third  group,  the  water  content  does  not  increase  linearly  Nvith 
the  time  of  heat  treatment4  since  those  heated  for  two  hoursý 
and  PSV  showed  higher  water  contentsthan  the  membranes  heated 
for  either  one  or  three  hours.  In  the  latter2  which  experienced 
the  longest  heat  pretreatment,  some  Partial  transition  of  the 
polyethylene  substrate  from  amorphous  to  crystalline  may  have 
occurredl  thus  increasing  the  rigidity  of  the  pol3mer  matrix 
(5  6)  (7 
and  consequently  reducing  slightly  the  water  content 
5.2.2.  In  ion  exchangermembranesp  due  to  the  high  concentration 
of  ions  in  the  interior  of  the  membrane  there  is  a  tendency  to 
dilute  the  matrix  by  additional  solvent.  This  appears  as  an 
osmotic  pressure  difference  between  the  interior  of  the  membrane 
and  the  solution.  The  value  olf  this  will  be  affocted  by  a  ch-nge 
in/ 134. 
in  the  fixed  charge  capacity  or  any  change  in  the  concentration  or 
valency  of  the  bathing  solution. 
Table  (5.2)  demonstrates  the  effect  of  a  change  of  electrolyte 
solution  from  0.101a  Nael  to  0.05M  Catl 
2  on  the  geometry  of  the 
membranes. 
The  reduction  in  counter-ion  concentration  was  slightly 
greater  than  50,  %  in  each  of  the  three  membranes  with  the  change  of 
+  2+ 
counter-ions  from  Ila  to  Ca 
The  water  content  of  the  norma'lPS,  expanded,  FS 
5  and  supe  r 
expanded,  PS 
11  were  reduced  by  some  18%. 
The  viet  volume  of  the  membranes  was  reduced  by  some  10-160%. 
The  effect  of  variations  in  fixed  charge  capacity  and 
consequent  change  in  osmotic  pressure  difference  between  membrane 
and  solution  is  illustrated  by  the  XR-170  membranes  in  Table 
The  water  content  progressively  increases  from  approx.  13'1of  in 
XR-A  to  approximately  26%  in  XR-C  while  the  capacities  increase 
from  0.68  m.  mol.  g-l  (of  dry  matrix)  to  0.88  m.  mol.  g-'.  This 
-Shýows  clearly  the  very  large  increase  in  imbibed  water  (10CP,.  ) 
in  the  membrane  brought  about  by  a  relatively  small  (z  22!,  Iof)  increase 
in  the  amount  of  fixed  charge  and  accompanying  counter-ion., 
The  increasing  water  content  brought  about  by  increasing  the  fixed 
charge  capacity  is  demonstrated  in  Fig.  (5-0)-  The  water  content 
of  the  homoeeneous  XR-170  membranes  is  consider&bly  less  than 
that  of  the  copolymer  ,C  60*  membranes. 135. 
5.2.1.  Tortuosity  Factor  E) 
Experimental  evaluation  of  0  is  usually  based  upon  the 
assumption  that  D  E)  -D  soln. 
but  it  seems  preferable  to  examine 
theoretical  models,  based  either  upon  discrete  geometrical  assumption, 
such  as  configurations  of  available  paths  within  a  medium  or  upon 
more  abstract  mathematical  models.  One  certain  outcome  is  that 
unless  a  very  detailed  statistical  picture  of  the  geometry  of  a 
membrane  is  available,  the  resultant  values  of  0  cannot  be  considered 
to  be  particularly  accurateg  (catlVlo).  The  correction  is, 
however,  very  well'worth  while  since  only  by  attempting  to  remove 
this  geometric  factor  can  membrane  functions  be  resolved  in 
general  chemical  termsjor  comparisons  be  made  with  other  membranes 
or  ionic  media.  ,  It  should  be  noted  that  in  expressions  which 
involve  ratios  of  mobility  or  frictional  coefficientsq  then 
-tortuosity  corrections  cancel. 
predicted  product  concentrations 
Thus,  for  exampleg  t,  p  t3  or 
CP  =  Vs1jJ  2:  Cw  section  6.1) 
are  independent  of  e,  and  allOlv  COmparison  with  0  corrected  data. 
Several  theoretical  estimates  for  tortuosity  exist  as  functions 
of  the  volume  fraction  of  water,  Vwq  within  the  membrane.  As 
V,  ý  tends  to  unity  and  the  corresponding  polymer  fraction  Vp  to  zero 
1.  Equally  as  V-5--  1  e-0-  00 
p 
9) 
Wheelers  estimate 
v 
w 
does  not  satisfy  the  first  of  these  boundary  conditions  and  was 
rejected.  Mackie  and  Yeares 
(10) 
adapted  a  regular  model  for 
the  I  positions  of  diffusion  sites  within  a  homogeneous  polymer. 
Based  upon  this  idealised  model 
22 
em  vW  -  1) 136. 
Prager  discussing  the  analogous  problem  of  the  dielectric 
constant  in  a  heterogeneous  medium  containing  two  distinct 
components  has  provided  a  useful  model.  Making  the  reasonable 
assumption  that  Dpthe  diffusion  coefficient  in  volume  of  polymer, 
is  zero  for  ions  and  water  gives 
2  0-5(lnVw  )2 
e-  -f  /(I-V 
+  Vw1n%)  pWw 
It  is  worth  noting  that  em  =e  as  V  pW 
em  has  been  shown  to  give  good  correlation  between  membrane 
diffusion  coefficients  of  all  membrane  species  in  Zeo-Yarb  315 
phenol  sulphonic  acid  membranes  with  diffusion  coefficients  of 
corresponding  equimolar  solutions.  However,  using  , 
different  membrane 
systems  other  workers  have  found  poor  agreement 
(8  )  (11  )  (12  )  (13 
Amongst  these  were  Gardner  and  Paterson 
(2)  3) 
who  used 
e=(  .9-  1)  MV  w 
-which 
they  found  gave  satisfactory  agreement  for  both  normal 
and  expanded  C  60  membranes.  They  also  successfully  applied  ep  to 
scale  diffusion  coefficients  in  the  C60  membrane  system. 
The  values  Of  1),,  and  E)  were  used  in  tYdswork  and  are  VwP 
shown  in  Table  (5-1)- 
These  scaling  factorsillustrate  quite  well  the  more  open 
structure  of  the  expanded  membranes  and  (ýn  indicates  that  the 
matrix  of  the  normal  membrane  PS  I  is  approximately  three.  times 
more  tortuous  then  that  of  PSI,,  the  most  expanded.  The  values 
of  Op  for  the  whole  range  are  smaller  than  those  of  em  and  the 
effects  of  this  on  the  phenomenological  coefficients  and  specific 
conductivities  calculated  from  the  salt  model  will  be  discussed  in 
section  (3-3). 
The  general  decrease  in  tortuo3ity  of  the  matrix,  as  represented 
by/ 137. 
by  the  factors  e  and  09  with  increasing  dilution  of  the  membrane  mp 
is  shown  in  Fig.  (5-1).  This  illustrates  that  a  small  change  in 
the  water  content  will  have  an  especially  large  effect  for  the 
membranes  with  a  low  water  content  (percentage  water).  For  a 
change  in  water  content  of  10%  the  tortuosity  factor  of  the 
normal  forms  differ  by  25%.  However,  for  the  more  openg  more 
solvated  membranesq  a  change  of  30%  in  the  water  content  causes 
a  much  smaller  variation  of  16%  in  the  tortuosity  fýctor. 
In  section  (3-1.2.  )  Fick's'equation  for  is6topic  diffusion 
was  scaled  by  e  to  apply  to  the  membrane  case.  Since  this  is 
one  specific  example  of  a  phenon-enological  equationp  the  tortuosity 
factor  is  therefore  a  correction  to  the  phenoffenolocical  coefficients 
L  and  R.  Thus  since  prog-ressive-lexpansion'  of  the  nembrane 
influences  Oj  it  may  be  expected  that  the  fluxes  of  the  different 
speciesq  through  the  membraneq  will  vary  with  increasing  expansion. 138. 
5.3  Conductivity. 
In  ion  exchý.  nge  membranes  with  large  internal  ionic  concentrations 
specific  conductivities  are  larget  though  due  to  tortuosity  effects, 
observed  conductivities  are  much  lower  than  in  corresponding  aqueous 
solutions  of  equal  molality.  In  appendix  (4)  the  electrical 
conductivity  of  an  ionic  solution  is  shown  to  be  independent 
of  frame  of  reference  chosen  for  ionic  fluxes,  thus  the  specific 
conductivity  of  a  salt  solution  remains  unaltered  if  flows  are 
defined  relative  to  stationary  water  or  if,  as  in  an  ion  exchange 
membranel  to  a  fixed  ionic  species.  Thisy  therefore,  allovis  the 
comparison  of  membrane  and  equimolal  solution  specific  conductivities 
-(once  tortuosity  has  been  considered). 
Since  the  measurement  of  specific  conductivity  is  relatively 
accessible,  many  investigators  have  studied  this  parameter. 
In  these  studies  the  counter-ions  are  usually  alkali  or  alkaline 
earth  metal-ions  which  are  important  in  the  desalination,  processes 
involving  membranes 
(S  )  ý3.  )  U)  ý5  46  ), 
02  the  iiembranes 
are  investigated  in  the  acid  form 
(17  0)  49  )0 
Howeverg  in 
general,  past  workers  have  investigated  either  the  variation  in 
specific  conductivity  -with  increasing  concentration  of  electrolyte  or 
the  change  in  specific  conductance  effected  by  various  counter-ions. 
Since  for  both  of  these  investigations  the  factor  varied  causes 
changes  of  the  membrane  whigh  alsd  affect  conductivityq  the  results 
are  sometimes  difficult  to  interpret.  --. 
5.3-1.  In  this  work  the  specific  ccnductivity  of  several  A.  L.  F. 
C  membranes  vras  measured,  in  each  of  these  only  the  degree  of  60 
solvation  of  the  matrix  was  varied  thus  allowing  the  effects  on 
conductivity/ 139. 
conductivity  of  varying  internal  molality  of  exchanger  and  of 
changing  tortuosity  of  the  matrix  to  be  investigated. 
The  first  feature  apparent  from  the  measurements  presented 
in  Table  (5-4)  and  Figure  (5.2)  is  that  whereas  the  specific 
conductivity  of  the  NaCl  solutions  increases  with  molal 
concentration,  '  the  conductivity  of  the  various  membranes  decreases 
with  increasing  molality  of  the  membrane.  S&e  the  membrane 
molality  increases  as  the  water  content  decreases,  as  does  the 
Table  tortuosit.  y,  (5.1),  a  reduction  in  the  mobility  of  the 
charge  carriers  in  the  increasingly  tortuous  membrane  must  be  the 
significant  factor  affecting  conductivity  and  not  the  internal 
molality  of  the  exchangermembrane. 
Oda 
(20) 
has  made  a  comprehensive  investigation  of  the  conductivity 
of  a  variety  of  membranes  in  varying  ionic  forms.  He  reports 
that  in  membranes  of  relatively  low  water  content,  the  specific 
conductivity  falls,  due  to  reduction  in  ionic  mobility  as  the  external 
electrolyte  concentration  increases  and  water  content  consequently 
decreases. 
Gardner  and  Paterson 
(3  ) 
have  illustrated  the  additional 
effect  of  increasing  electrolyte  uptake  on  specific  conductivity. 
In  both  C  6W  and  C  60E  the  opposing  effects  of  increasing  tortuousity 
and  increasing  salt  uptake  decide  the'final  conductivity  variation. 
In  C  60E  the  effect  on  tortuosity  of  increasing  the  external 
electrolyte  concentration  was  small  compared  with  the  effect  on  the 
C  60N'  but  the  salt  uptake  was  more  pronounced  in  the  more  open 
structured  expanded  membrane  and  thus  contributed  to  a  greater 
extent  to  the  specific  conductivity  of  the  C 
6oEs 
The/ 
f 
I 140. 
The  increasing  resistance  to  mobility  imposed  by  the 
tortuous  matrix  is  evident  from  Tables  (5-1)  (5-4).  As 
the  membrane  becomes  more  expandea  and  consequently  less  tortuous, 
the  specific  conductivity  increases.  Membrane  PS,  which 
contains  only  41%o  vrater  (w.  r.  t.  dry  weight)  and  has  a 
tortuosity  factort  0,,  j  of  6.01  has  a  conductivity  almost  four 
times  less  than  that  of  PS 
11  which  contains  154%  water  and 
-has  a  tortuousity,  e  of  2.19.  This  increase  in  conductivity 
is  an  effect  of  the  increasing  fractional  pore  volume  and 
consequent  decrease  in  tortuosity$  which  reduces  the  friction 
on  the  ions,  thus  allowing  an  increase  in  the  ionic  mobility. 
The  largest  contribution  to  the  specific  conductivity  from  salt 
uptake;  mentioned  previously2  should  qccur  in  the  most  expanded 
membraneg  FBI,  *  However,  since  the  amount  of  imbibed  salt  makes 
less  than  a  I.  Vp'  contribution  to  the  total  ionic  concentration, 
it  is  not  surprising  there  is  no  evidence  of  salt  uptake 
contributing  to  specific  conductivity  in  PS  110 
5.3.2.  The  Salt  Model  Calculation  described  in  chapter  3 
demonstrates  that  specific  conductivities  of  a  membrane  may  be 
calculated  directly  from  the  conductivity  of  an  equimolar  sodium 
chloride  solution  by  using  a  tortuousity  correction. 
Since  the  Salt  Yodel  Calculation  was  based  on  observations 
made  on  the  C  6CN  and  C60E  of  Gardner  and  Paterson,  specific 
conductivities  for  these  membranes  in'O.  10  and  1=1  Nael, 
calculated  from  equation  (3.24)  and  those  observed  are  given  in 
Tables  (5-5)  (5.6)  In  both  tables  the  specific  conductivity  estimated 
using  the  tortuosity  corrections  (S)  and  (11)  are  in  particularly 
good  agreement.  The  values  obtained  for  the  expanded  membrane 
are/ 141. 
are  a  little  better  than  for  the  normal.  The  tOrtuOsitY  correction 
(P)  over-estimates  the  specific  conductivity  of  both  rnembrý_nes  in 
0.10.  U  NaCl  and  the  expahded  in  1.011. 
. 
However,  in  General  the  Salt 
Lodel  Calculation  gives  a  good  estimation-of  specific  conductivity  of 
these  two  membranes. 
The  specific  conductivities  measured  for  the  range  of  expanded 
c  60  membranes,  in  this  work,  allowed  further  investigation  into 
the  ability  of  the  Salt  Model  Calculation  togive  an  estimate  of  this 
property.  TF-ble  (5-4)  shows  specific  conductivities  calculated 
using  (M)  and  (P).  Good  agreement  was  obtained  between  calculated 
and  observed  values  for  the  whole  membrane  range,  In  each  case  the 
calculated  values  are  larger  than  the  observed  and  the  values 
obtained  using  (11)  are  better  than  thocce  calculated  using  (P)q 
especially  around  the  intermediate  range  of  expansion  (80-1005water). 
For  both  (1)  and  (P)  the  agreement  becomes  less  satisfactory  at 
PS,,,  the.  most  expanded  C60*  However,  the  Salt  Model  Calculaticn 
gives  at  least  a  semi-quantitative  estimate  of  the  specific  conductance 
for  each  membrane  and  its  use  for  calculating  specific  conductivity 
data  for  the  C  60  membrane  is  justified. 
In  fig.  (5.3)observed  and  calculated  (S.  Y.  C.  )  conductivities  are 
shown  as  a  function  of  Vw  The  specific  conductivities  Km  (b4sed  on 
e  show  the  better  agreement  with  the  observed  values  although  deviations 
-become  more  significant  as  Vw  increases.  The  S.  N.  C.  equation  (  3.2  4.  ) 
indicates  that  as  V.  tends  to  unity  the  specific  conductivity  of  the 
membrane  will  tend  to  equal  the  specific  conductivity  of  the  corresponding 
solution.  Howeverj  the  graph  of  the  observed  specific  conductivities 
diverges  from  the  grap  ., 
hs  of  the  calculated  values  since  the  former 
tends  to  a  maximum  value.  This  has  also  been  found  by  various  other 
woecers  in  similar  studies.  L  Despic  and  G.  T.  Hills 
(21) 
found 
that/ 142. 
that  the  specific  conductivities  of  a  series  of  cross-linked 
Polymethylacrylic  acid  membranes  passed  through  a  maxima  at  a 
certain  water  content.  This  trend  is  an  effect  of  the  different 
diffusion  mechanisnsvihich  occur  in  an  exchangermembrane.  These 
are  chain  diffusiong  in  which  the  counter-ions  diffuse  parallel 
to  the  polymer  chains,  and  volume  diffusiong  in  which  the  ions 
jump  from  the  atmosphere  around  one  chain  to  it.,  ')  neighbour.  The 
relative  amount  of  each  mechanism  depends  on  the  swelling  and 
salt  uptake  of  the  membrane.  The  relatiVe  amount  of  diffusion 
taking  place  by  each  mechanism  will  decide  the  specific  conductivity 
of  the  membr4ne. 
Several  workers  have  investigated  the  specific  conductivity 
(5)  (8)  (22) 
of  the  C  60  membrzý.  ne  in  the  sulphuric. 
. 
acid  form 
Fadley  and  Wallace  used  the  theory  of  absolute  reaction  rates 
to  predict  the  effects  of  water  content  on  specific  conductivity. 
Both  their  measured  and  calculated  results  and  the  results  of  Arnold 
and  Kock  were  considerably  larger  than  the  conductivities  measured  in 
this  work. 
It  is  difficult  to  make  comparison  between  specific 
conductivities  measured  in  the  hydrogen  form  with  those  measured 
in  the  sodium  form.  However,  the  larger  specific  conductivities 
of  the  hydrogen  form  would  be  predicted  by  the  Salt  Kodel  Calculation. 
-The.  specific  conductivities  presented  here  arein  good  agreement 
with  those  measured  by  Gardner  and  Paterson  for  the  C  60  membrane  in 
0  .  10m,  NaCI  (Tables  5-4)  (5-5)). 143. 
5.4  Electro-Osmosis 
The  convection  of  the  pore  liquid  in  the  interior  of  the 
membrane  and  subsequent  transference  of  solvent  through  4.  -he 
membrane,  is  the  resultant  effect  of-the  coupling  between  the 
polar  viater  molecules  with  the  charged  counter  and  co-ion  and 
their  opposing  movement  in  the  applied  electric  field. 
The  electro-osmotic  transport  number,  t  3'  is  independent 
of  the  tortuosity,  6)  of  the  matrix.  It  is,  however,  affected 
by  the  ionic  concentration  and  water  content  of  the  membrane. 
3 
The  relationship  t3C  I-  stated  in  secti6n  (3-0) 
1 
was  obtained  by  Spiegler  for  a  series  of  exchanger  membraneat 
amongst  which  were  various  polystyrene  sulphonic  acid  types,  for 
which  A=  0-54-  This  implies  tLt  the  ratio  of  ions  to  water 
in  the  migrating  liquid  is  approximately  half  the  ratio  of  ions 
-to  water  in  the  membrane. 
This  relationship  mas  further  illustrated  by  Stewart  and 
(23) 
Graydon  for  a  large  series.  of  polystyrene  sulphonic  acid 
membranes  with  varying  degrees  of  cross-lin1king  and  fixed  charge 
capacity  who  gave  jS  =  0-50- 
The  value  of  0-576  given  in  section  (  3-0  )  for  the 
C  and  CE  of  Gardner  and  Paterson  was  determined  from  t  60N  60EE  3 
values  obtained  in  sodi=  chloride  solut,  ions  of  varying  ionic 
concentoration 
(0.111.1 
-  2.0M). 
V4 
In  section  (  3.0  ),  8  was  shown  to  be  equal  to 
3/V,  4,  that 
is  is  the  ratio  of  the  velocities  of  water  and  counter-ion 
relative  to  the  membrane. 144. 
This  is  establiched  thust 
By  definitiont 
3ý13F  /I  =134  FI(Z 
I114+Z  2J2 
4)F 
N6 
T34/  (ZJJ14  +Z212  4) 
if  J2  is  small  compared  to  J,  (as  it  is  in  the  cation  exchangers 
studied  in  this  work)  then 
t33  /Z 
21  4' 
.t3  Uh  4 
/Z 
li  1V4 
4-  V3  '  03 
t3Z 
C 
In  this  work  the  plot  of  t  5.4-1-  3  against 
C  also  de  fined  a 
straiglit  linefigure  (5-4)9  giving  a  velocity  ratio  for  the 
C  60  series  of  0.60.  This  is  similar  to  that  found  by  Gardner 
and  Paterson  even  though  the  membranes  were  taken  from  two  different 
batches.  This  illustrates  the  consistent  quality  of  the  A.  M.  F. 
C  60  co-polymerl  without  which  comparison  Of  results  from  different 
membranes  (with  apparentJysimila.  -  properties)  would  be  impossible. 
C 
From  the  plot  t3  against  C  for  the  XR-170  membranes  is 
V4 
0-73i,  Thus  the  velocity  ratio  of  'water  to  counter-ion 
.3 
/V14 
is  considerably  higher  in  the  XR  membranes.  In  the  XR  membrane 
the  per-flupo  carbon  chain  may  tend  to  inductively  withdraw  0 
electron-density  from  the  sulphonate  fixed  charge,  consequently 
reducing  the  charge  density  at  its  surface  and  fractionally  reducing 
the  membrane  to  water  frictional  interaction.  This  will  allow 
easier  convectional  flow  and  a  subsequantlyhigher  t  3* 
C  Since  the  plot  of  t3  against  :2  for,  the  C 
60  membrane 
C 145. 
is  linear2  the  increasing  expansion  of  the  membrane  and  consequent 
decrease  in  tortuosity  must  have  an  identical  effect  on  the  velocity 
of  both  water  and  counter-ion.  The  effect  of  expanding  the 
the  membranes  was  to  increase  t  3* 
The  experimental  t3  values 
vary  from  10.32  -  31.29  over  the  range  of  C  60  membranes  in  0.10M 
NaCi  Table  (5-7))  whereas  the  t3  values  obtained  for  the  XR  membranes 
Jncrease  from  7.7  -  11.8  Table  (5-3)- 
Changing  the  external  solution  to  0,05  CaCl  reduced  C>  2 
the  electrO-Osmotic  transport  number  of  each  of  the  three  membranes. 
However,  this  decrease  was  not  consistent  for  each.  Both  the 
membrane  in  the  intermediate  iunge  of  expansion,  PSI  and  the  very 
expanded,  PS,  lj  exhibited  a  decrease  in  t3  of  some  40%,  The 
4 
normal  membraney  hoivever7  exhibited  at  in  the  calcium  form  quite  3 
similar  to  that  measured  in  the  sodium  form  of  the  membrane. 
Tables  (5-1)  and  (5-7)  illustrate  that  the  electro-osmoltic 
transport  number  decreases  with  molality  and  Figure  (5-5)  shows 
that  the  plot  of  t3  against  internal  molality  of  the  membrane 
defines  a  smooth  curve.  This  relationship  allows  comparison 
to  be  made  between  different  membrane  systems.  The  M  membranes 
which  have  smaller  t3  values  thz-n  the  C  60  membranes  have  higher 
internal  molalities  and  fall  on  the  lower  part  of  this  curve, 
'Above  a  MOI&IitY  of  25  the  measured  t3  of  the  C  60  membranes  chanee 
almost  proportionally  with  molalityq  for  example,  PS  2  has  a  molality 
of  approximately  3.011  and  at3  of  11  whereas  PS  6  has  a  molality  of 
approximately  1.5  and  at3  of  20.6.  The  XR  membranes  show  an 
apparentlylinear  relationship  with  molality.  Whereas  at  high 
internal  molalities  this  (almost)  proportional  relationship  means 
that  a  small  ch-ange  in  internal  molality  will  have  a  corqesponclin,  31y 
it  is  worth  noting  that  small  change  in  t3  as  the  membr-ne  becomes 
more/ 146. 
more  dilute  (below  1-5  molal)  any  small  change  in  internal 
molality  vdll  cause  a  considerable  increase  in  t 
5-4.2.1.  Salt  Model  Calculation  AnDlied  to  Electro  Osmotic 
Transport  Numbers 
Blectro-osmotic  transport  numbers  were  calculated  by  the 
Salt  Model  for  the  C  60N  and  C  60B  of  Gardner  and  Paterson, 
Tables  (5-5)  (5.6).  These  are  some  10  -  15%o  larger  than  the 
observedg  the  best  agreement  was  obtained  for  the  C  60E  in  0.1M 
Nael.  This  agreement  is  good  considering  the  only  data  required 
for  the  calculationare  the  water  content  and  fixed  charge  capacity  of  the 
membrane  plus  t23,  the  transport  number  of  co-ion  in  the  binary 
model.  The  S.  M.  C.  estimation  of  t  31  ther&foredoes  not  take 
into  account  the  co-ion  movement  in  the  membrane  which  will 
tend  to  reduce  the  electro-osmotic  flox.  The  t3  values  from 
the  S.  M.  C.  Lnd  those  observed  for  the  range  Of  C60  membranes 
are  shovm  in  Table 
The  overall  agreement  is  very  good.  The  calculated  values 
are  some  2  21%  higher  than  those,  observed.  The  best  agreement 
occurs  for  the  normal  membranes  and  the  difference  between  observed 
and  calculated  is  greatest  for  the  very  expanded  membr-:  Anes.  For 
the  XR-membranes  in  the  sodium  form  the  calculated  t3  values  Nvere 
17  -  22%'  lower  than  the  observed  values.  This  is  further 
demonstrated  in  fig.  (5-4)  where  Salt  Model  t  values  , 
from  aqueous  3 
sodium  chloride  data,,  are  plotted  against 
C  3/C,.  The  gradient  of 
this  line  corresponds  to  the  transport*number  of  co-ion  chloride  in 
the  binary  salt.  The  close  agreement  Of  this  line  with  that 
defined  by  the  experimental  t3  values  for  the  C  60  membrane  justifies 
the  basic  assumption  of  the  S.  M.  C.  9  that  the  C 
60  membrane  can  be 
modelled/ 147. 
modelled  by  an  equimolar  sodium  chloride  solution.  The  values 
obtained  for  the  XR-170  membranes  lie  above  the  sodium  chloride 
line  and  are  in  fact  nearer  to  the  limiting  maximum  for  t3  which 
would  occur  when  t3=U  3/a 
1 
and  both  ion  and  viater  have  identical 
velocities  relative  to  the  membrane.  In  this  condition  the 
electrical  field  would  cause  the  whole  pore  solution  to  be 
transported  in  electro-osmozis.  Again  the  XR-170  values  are 
consistent  with  the  postulate  that  the  fixed  sulphonate  in  this 
membrane  is  of  a  more  order  destroying  nature  than  the  fixed  charge 
of  the  C  60  membranes. 
From  the  basic  assumptions  of  the  S.  M.  C.  in  the  membrane 
-case 
. 
equation(  3.28  )  can  be  written  tC3  t3 
3= 
t3)t  t3  3  C,  4' 
N24 
is  the  transport  number  of  sulphonate  relative  to  water  in  the 
membrane.  - 
Since  the  graph  of  the  XR-170  membrane  has  a  gradient 
,B= 
0-73  the  sulphonate  is  acting  as  a  much  more  mobile  anion 
than  chloride.  Therefore,  a  more  accu=ate  salt  model  analo.  gy  for 
this  membrane  would  have  to  be  based  on  Ica'  sodium  hydroxide  rather 
than  sodium  chloride, 
5-4.2.2.  Blectro-Osmotic  coefficients,  t3j  for  Various  Ionic  Forms 
Since  t3  data  on  the  C  60  expanded  membrane  in  a  variety  of 
ionic  forms  w;  re  available 
(24 
'to  test  the  predictions  of 
-the  S.  11-C-i  calculated  values  of  t3=C  3/Cl  t2 
3f 
or  the 
_ C 
c'orresponding  aqueous  chloride  salts  vieýre  plotted  against 
fig.  (5.6).  The  slopes  of  these  lines  correspond  to  the  transport 
numbers  of  co-ion  chloride  in,  each  salt  solution.  Experimental 
values  of  t3  are  shown  on  the  same  figure 
The  S-M-C-  gives  agreement  ýihich  is  excellent  for  the  hydrogen 
Q 
orin/ 148. 
form  and  some  10-15111o  high  for  the  lithium,  sodium  and  potassium 
formS.  For  the  caesium  and  rubidium  forms  the  S.  E.  C.  gives 
results  which  are  much  lower  than  observed.  The  observed  values 
C 
are  much  closer  to  t3C1  hence  suggesting  that  in  electro- 
osmosis  these  ions  tend  to  move  the  whole  pore  solution. 
As  a  further  test  of  the  S.  M.  C.  and  as  a  comparison  with 
the  C  60  results  the  membrane  XR-C  (the  most  solvated  membrane  of 
this  series)  was  'converted  into  the  hydrogen,  lithium,  sodiumipotassium 
and  caesium  forms  Table  (5.8),  and  t3  values  measured.  These  were 
compared  with  th,  S.  M*C.  values  as  before,  fig.  (5.6).  Again  the 
best  agreement  was  obtained  for  the  hydrogen  form.  The  observed 
value  lies  very  close  to  the  line  defined  by  the  S.  M.  C. 
Of  the  other  ionic  forms,  the  S.  M.  C.  t3  values  are  some  25-31% 
low  for  lithiump  sodium  and  potassiumland  similar  to  the  C  60  membrane 
the  caesium  form  of  the  XR  membrane  gives  an  experimental  t3  value 
much  higher  than  that  predicted  by  the  S,  M.  C.  The  experimental 
value  again  approaches  the  limiting  line  t3  Cie 
Although  the  S.  M.  C.  is  less  successful  in  providing  t3  values 
for  the  various  ionic  forms  of  both  the  C60  and  XR-membranes,  the 
results  are  in  good  qualitative  agreement  and  provide  a  good  estimat  e 
o  the  observed  valuaý  especially  considering  the  simplicity  of  the  fU 
calculation.  The  calculated  values  for  the  XR-membrane  which 
are  25-31%,  lower  than  the  observed  (Vaereas  the  calculated 
for  the  C  are  l0-1,  '--IIfhigher  than  the  observed)  illustrates  further  60 
that  the  perfl4o  sulphonic  acid  membrane  is  not  as  successfully 
modelled  by  an  equimalor  sodium  chloride  solution  as  is  the  styrene 
sulphonic  acidg  tyPe  C60  membrane. 
Earlier  in  this  section  the  variation  of  t3  with  internal 
moiality  of  the  membrane  was  discussed  and  fig.  (5-5)  shows  the 
smooth  curve  defined  by  the  plot  of  t3  against  molality. 149. 
This  plot  further  demonstrates  the  success  of  the  S.  LI.  C.  to 
predict  t  3* 
The  solid  line  through  the  experimental  t3  values 
in  thi  s  figure  is  the  plot  of  t-'  t3 
C 
3/C-.  Thus  the  S.  M.  C., 
321 
via  the  t3-  molality  relationship,  allo-ws  comparison  betweený 
for  instance,  the  t3  values  of  the  C  60  membranes  in  0.10M  and  those 
obtained  in  2.  OYI  and  of  the  t3  values  of  different  membrane  types 
which  exhibit  different  water  content  and  fixed  charge  capacity. 
To  further  illustrate  the  ability  of  the  S.  11I.  C.  to  predict  t 
a  very  dilute  membrane  with  a  large  exrerimental  t3  was  chosen. 
Dzýta  for  the  Zeo  Karb  315  membrane  in  the  sodium  form  was 
t-  3U 
readily  accessible  Usine  t3ýt2  3/a  the  S.  M.  C. 
1 
gives  at3  vF-lue  of  54.4  compared  with  an  observed  t3  of  45-7. 
Thus  the  S.  M.  C.  over  estimates  the  t3  by  some  20Pifo.  This 
agreement  is  similar  to  that  obtained  for  the  most  expanded 
C60  membranes. 
Fig.  (5-5)  illustrates  the  success  in  predicting  the  electro- 
osmotic  transPort  number  attained  by  the  S.  M.  C.  for  three  different 
membrane  typesp  A.  M.  F.  C  (in  both  normal  and  expanded.  form  in  any  60 
external  solution  in  the  concentration  range  0.1  -  2.011),  XR-170 
and  Zeo  Karb  315,  over  almost  an  order  of  magnitude  range  from 
5  to  50  and  to  a  large  extent  justifies  the  idea  of  a  'salt  model' 
5.4-3-  A  number  of  workers  have  found  that  the  electro-osmotic 
transport  of  water  in  ion  exchanger  membr-nes  is  dependent  on  the. 
ý6  27  28. 
current  density  used  in  the  measurements 
-AO 
.0  Amongst  these  Lakshminarayanaiah. 
(  27.  )  reports 
that  at  0.2M  and  below  the  water  transference  number  increases  with 
(23) 
decreasing  current  density.  Gardner  and  Paterson  -  and 
others 
(  28  )(  31  )(  22  )(  33  )hý-ve 
f  ound  no  evidence  of  this.  The 
effect  of  current  density  was  investigated  over  the  whole  range  of 150o 
C  60  membranes  in  both  sodium  and  calcium  form  and  for  the 
XR-170  membranes  in  the  various  ionic  forms,  no  evidence  of 
a  dependence  on  current  density  vrdp  observed. 
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TABLE  5.6 
Observed  and  Predicted  Transport  Measurements  for  C 
6DE 
Specific  conductivity 
2 
x  10 
ohm  cm 
Observed  1090 
S.  M.  C*  (S)  1,96 
(m)  2,03 
(P)  2*71 
Salt  Model  Calculation. 
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TABLE  (5.8) 
ELECTRO  OSMOTIC  TRANSP  CRT  NUMBERS,  t 
3" 
OF  MEMBRANE  XR-C  IN  VARIOUS 
IONIC  FORMS 
Observed  SIMIC"  Percentage 
Form  t3  t3  Difference 
Hydrogen  3.45  3*25  6 
Lithium  17.07  13.56  25 
-Sodium  11.84  9*43  26 
Potassium  6.36  4.84  31 
C:  psium  5191  3.55  66 159- 
___I 
II 
C) 
C%j 
jai  OOM  lualuoo  JaIDIA 
LO 
I;  _ 
>1 
C) 
cl 
u 
b)  C) 
0 
E 
C5 16o. 
1. 
- 
I  "-I  I  "I"  _I 
I 
LO  Ln  CY)  N 
0 
U, 
0 
U-) 
IK-1. 
0- LL . 
1,61* 
I 
S 
C%4  dS  wo  fil!  A!  Ionpuo:  D  0. 
C) 
C) 
Cý) 
C) 
C) 
Cýj 
>1 
6 
LL 162. 
. 
4j 
. 
Co 
(f5 
C5 
C 
CY) 
J7  W:  )  V  ýj  x  ol 
CY) 
61 
LL 163. 
c) 
c) 
CV) 
>< 
iD 
col 
CY) 
CY) 
V. 
C) 
CI*4 
CY)  1)  u 
C) 
-- 
__t 
I  -- 
C) 
CY) 
0 
cJ 
""  C) 164. 
LO 
4: 
CD 
CD 
-I 
4VOIN 
..  -  CD 
-co  iv 
Lo  ur) 
CY) 
CY)  CD 
>1 
,  ft 
:-",  -,  CD  w,  T- 
.-9..  %-# 
<  CY) 
CD 
cv) cc 
lu 
CY) 
C) 
4-0 
C) 
LL 165. 
+ 
nj  z 
0u 
CD 
\..  \  LJ?  S 
lt.  w 
0- 
Z.  0 
-ez 
cr 
CY) 
(0 
c'j  co 
C-4 
C) 
C%lj 
i 
u 
CO 
u 
00 
Lci 
Li REFERENCES 
CHAPTER  S. 
1)  r.  Selengy.  q,,  Polymer  Scinnce  C.  4  1455  1963, 
2)  R.  Paterson  and  C.  R.  Gardnpr.  J.  Chem.  Soc.  A.  2254  (1971) 
3)  H.  Fergusong  C.  R.  Gardner,  R.  Paterson.  J.  C.  S.  Faraday  I.  68_9_2021  (  109) 
4)  C.  R.  Gardner  and  R.  Paterson.  J.  C.  S.  Faraday  1.68,2030  (1922) 
5)  c.  rorgacs.  Ee  Scharf.  Israel  3.  Chem.  34.269,0963). 
6)  R,  A,  Wallace  and  B.  K.  Jindal  J.  Electro-Chem.  Soc.  (1971)1113,  (S)  707 
7)  A.  S.  Michaelset  al  Discussions  of  the  Electro  Chem.  Soc.  1969  116  (61 
874 
8)  R.  Arnold  and  D.  F.  A.  Koch.  Aust.  3.  Chem.  19  1299  (1966) 
9)  A.  Wheeler,  Advances  in  Catalysis  3  2490951). 
10)  O.  S.  Mackie  and  P.  Meares.  Prop.  Rov.  Soc. 
_(Lnndon) 
A.  232  498(1955) 
11)  O.  M.  Crabtree  and  E.  Clueckauf.  Trans.  Faraday  Soc.  59  2639  (1963) 
12)  A,  Despico  G,  J,  Hills,  Trans.  Fa,  raday.  Soc.  53  1262  (1957) 
13)  A.  O*  Jakubovic,  G.  J.  Hills  and  J.  A*  Kitchener,  3.  Chem.  Phys.  55  263,  (1958 
0 
14)  D.  Mackie  and  Pe  Meares.  TranseFaraday  Soc.  55  1221  (1959) 
15)  0.  Kedem.  A.  Kleinzeller.  A.  Kotyk.  "Membrane  Transport  and  Metabolis-ml, 
Agad.  Press, 
__New 
York(1960L 
16)  C.  McCallum  and  R.  Paterson.  Submitted  Trans.  Faraday  Soc.  3uly,.  (1-974). 
17)  A.  G.  Winger,  G.  W.  Badermcr  R.  Kunin,  3.  Electro  Chem.  Soc.  (1953)  100,179 
18)  H.  P*  Gregor.  Membrane  Evaluation  Progrom.  New  York,  Brooklyn  Polytechnic 
(LIP  6  L) 
19)  D.  Mackay  and  Pe  Meares.  Trans  Faraday  S2c,  (1959)55,1221, 
20)  Y.  Oda*  Bull.  Chem.  Soc.  Japan  29  673,  (19561 
21)  A.  Despic.  GoT.  Hills.  Trans.  Faraday  Soc.  51  1260,0955L 
22)  C.  S.  Fadley  and  R.  As  Wallace.  3.  Electro  Chem.  Soc.  (1968)  115,1ý64 
2ý)  RO,,  Stewart  and  W.  F.  Graydon.  3,  Phys.  Chem.  61,1957,164 
24)  I.  S.  Burkev  R.  G.  Cameron  and  R,  Patersont  N.  A.  T.  O.  Advanced  Study  Inst. 
Conf.  Forges-Leo-Eaux,  Frmncee  Sept.  (19734in  oress. 
25)  D.  Mackay  and  Pe  Meares,  Trans.  Faraday  Soc.  55  1221  (1959) 
. 
26)  N.  Lakshminarayanaiah  and  V.  Subrahmanyan,,  2_*-Polymer  Sri,,  A2.44919(1964) 
27)  N.  Lakshminarayanaiah*  Desalination,  3,97  (1967) 
28)  A.  S.  Tofrbalkian,  H.  J.  Borton  and  W.  F.  Graydon,  J.  Phys.  Chem,  66  1006(1962) 29)  N,  Lakshminarayanaiah  and  V.  Subrahmanxan.  3.  Phys.  Chem.  72,1253(1968) 
30)  ibid  Current  Sci.  29,307,  (1960) 
31)  Id.  S.  McHardyj  P.  Mearest  A.  H.  Sutton  and  O.  F.  Thainp  J.  Colloid  and 
Interface  Science,  145  (1967) 
32)  C.  W.  Carrt  R.  McClintock  and  K,  Sollnerf  3.  ElectroChpm.  Sor-.  109,251,1962 
33)  C.  McCallum.  PhD,  Thesis,  University  of  Glasqow  1971. CHAPTZR  6. 
RESULTS  AND  DISCUSSIONS 
6.1  PiU-DICTIC'.  l  OF  TH3  REVERS--#  OS:  -OSIS  CHAl%ýýCTERISTICS  OF 
TI2- 
_C,  6()  LZý3RA:,  ý-ti 
6.3  TIE  FZVMS:  -o  CS:  XSIS  Cl'  HARACTMIS  `ICS  OF  A  SERIES  OP 
260  J=B?  Uý&Ls 166. 
Prediction  of  the  ReveT-se  Osmosis  Characterictics  For  aC 
,f  fi  ,  Normal  and  C  Expanded  lembrane,  From  Ilobility  cocý 
6 
60  i_rn?  Data 
6.1  In  previous  studies  Gardner  and  ]Paterson  obtained  frictional 
and  mobility  coefficients  for  a  NormUj  C  6011  and  Expanded,  C  60E 
form  of  the  A*U.  F.  C  60  Membrane.  In  this  studyp  in  the  range 
of  expanded  forms  of  the  C  60  oembranesq  two  membranes  have  been 
found  to  have  almost  identical  physical  and  transport  properties 
to  the  oriGinal  C  60N  and  C  6oE.  '  Table  (6.1)  illustrates  this 
Similarity. 
The  original  and  current  membranes  have  been  given  the 
identifiers  NlI  El  and  N29  E2  respectively.  Both  N1  and  El 
--have-a-slightlY  more-swollen  matrix-than  N2  and  E29  howeverg  the 
parameters  are  sufficiently  similar  to  justify  comparison  of  the 
transport  properties  of  the  two  sets  of  membranes. 
Pressure  forces  were  not  used  in  the  original  analysis  of 
the  transport  properties  of  NljEl  and  it  is  the  aim  of  this  section 
to  consider  the  methods  whicIT  may  be  used  to  predict  the  pressure 
induced  transport  phenomena  of  N2  and  E2  using  the  mobility 
coefficients  for  N1  and  El  obtzAned  previously. 
6.1.1.  The  Calculation  to  Predict.  Salt  Flux,  Water  Flur  and 
Desalinated  Product  Concentration 
In  chapter  29  the  full  equations  (  2-41)  (2-43)  which 
describe  the  salt  flux,  J8,  a  nd  water  flux,  J.,  were  est,  --blished. 
Since  in  a  defined  system  the  mobility  coefficients  are  constant 
equations  (2-41)  (2-43)  reduce  to 
j 
S,  =L  88 
X  12  +L 
sw 
X3  (2-47) 
wL  ws 
x  12  +L 
wW 
X3  (2-48) 
where  _ziz  2 
(111122 
-  112121)  (6.1) 
L 
ss  Ir  r  CK  12 
WL=1 
(1  -t  (6.2)  LS  WS  r  13 
1z1 LU.  -t2d,.  )  (6.3ý  167. 
ww  33  3 
The  mobility  coefficients  of  equations  (6.1)  (6-3)  may  be  obtained 
either  from  published  data  on  Nl  and  El  or  from  the  Salt  Model 
Calculation  (Chapter  3).  Therefore,  with  the  mobility  coefficients 
known  only  X, 
2  and  X3  need  be  defined  to  allow  J.  and  Jw  to  be 
calculated  from  (2-47)  (2-48). 
In  a  reverse  osmosis  experiment  the  salt  force  X 
.2  and  viater 
force)  X 
3'  contain  two  separate  contributions.  If  the  membrane 
desalinates  there  will  be  a  salt  concentration  difference  across 
the  membraneand  also  each  thermodynamic  force  will  h.  ave 
contributions  from  the  applied  pressure.  These  forces  are  described 
by  equations  (2-45)  (2-46) 
x  RT 
-dlna  12 
+ýF, 
dP  (2-45) 
12  dX  12 
( 
-d: 
x  RT  +  -dP  (2-46) 
3  dX  V3 
(-: 
dLX) 
The  partial  molal  volumes  of  salt  and  water  V  121  V3  respectively 
-2  have  units  of  m3  mole-1  and  the  unit3of  pressure  used  are  NM0 
As  dX  is  the  distance  in  cm.  across  the  membranep  then  X  and  X  have  12  3 
the  units  of  Joules  M01i  rl  cm-l. 
In  (  2-45)  the  contribution  from  the  pressure  term  is  negligible. 
Appendix  However,  in  equation  (2-46)  the  pressure  term  i's 
dominant.  The  first  term  in  equation  (2-46)  represents  the 
, osmotic  pressure  which  works  against  the  applied  pressure. 
This  can  be  calculated  from  the  osmotic  coefficient  using  the 
expression. 
Awv  ýRT 
3  103 
w  3'( 
ýfmf  - 
ýPmp)  (6-4) 
where  7r  V" 
3 
is  the  osmotic  pressure  difference  across  the  membrane 
in  Joules  mole 
.f 168. 
ýP  are  the  osmotic  coefficients  of  the  feed  and  product 
solution  respectively 
mý  m-  are  the  molal  concentration  of  feed  and  product  solutions  fp 
b  is  the  number  of  moles  of  each  species  obtained  from  1  mole 
of  electrolyte. 
R  is  the  gas  constant  in  JK  -1  mol-1 
T  is  the  absolute  temperature  in  K 
W3  is  the  molecular  weight  of  the  water. 
On  applying  pressure  across  the.  membrane  the  solvent  water  flows 
through  the  membrane  taking  with  it  an  amount  of  salt  by  coupling. 
Therefore  in  the  steady  state  the  ratio  of  the  salt  flux  and  water 
flux  will  determine  the  concentration-of  the  desalinated  product 
solution,  Cp. 
Since  the  units  of  JS  and  Jw  are  moles  of  salt  cm-2  see.  -' 
-2  -ter  cm  .  see.  and  moles  of  wa  respectively,  the  molar  concentration 
of  the.  desalinated  product  solution  is  given  by 
s/T  xcc  (6-5) 
.ww  (2) 
p 
where  Cw  1000  c 
and  converts  the  mole  ratio  to  a  molarity-,  18.016  E 
Thereforep  since  CP  must  be  Imown  in  order  to  evaluate  X 
12  and  X3 
before  J8  and  J 
17  can  be  calculatedýand  CP  is  in  fact  defined  by  the 
ratio.  of  J  and  J,  no  direct  evaluation  of  the  two  fluxes  is  possible. 
sw 
In  order  to  calculate  J  and  J  the  concentration  gradient  sW 
must  be  defined  by  designating  some  'guessed'  vz;  Llue  to  the  product 
Guess 
concentration$  CP  This  allows  X12  and  X3  to  be  calculated 
from  equations  (2-45)  2.46)  and  JS  and  Jw  to  be  evaluated  from 
equations 
(2-47)  and  (2-48).  By  designating  several  guessed 
product  concentrations  a  series  of  (guessed)  values  of  J.,  J.,  and 
product/ I 
16q. 
guess 
product  concentration  can  be  calculated.  When  Cp  and 
i 
SxCw  are  coincident,  the  true  predicted  product  concentrations 
VI 
(for  the  defined  pressure  and  feed  solution)  will  be  obtained. 
The  most  practical  way  of  accomplishing  this  was  to  graph  Cp  guess 
against  XC  and  from  the  intercept  of  the  line  Y=X  with  w 
VI 
this  graph  the  true  predicted  value  was  obtained. 
Figures  (6.0.  )  (6.1  )  Tables  (6.2  )  show  a  typical  reverse  osmosis 
calculation  (at  400  lbsAn  2)  for  both  normal  and  expanded  membranes. 
This  is  a  general  calculation  which  is  applicable  to  any  membrane 
system  for  which  the  mobility  coefficients  are  known.  This 
__calculation 
will  provide  an  estim.  ý-te  of  the  reverse  osmosis 
characteristics  at  (ideally)  any  applied  pressure. 
The  robility  Coefficients  Used  in  the  Predictive  Reverse 
Osmosis  Calculation  For  the  0.10M  NaCl  Feed  Solution 
In  their  calculation  of  membrane  mobility  coefficients 
(3) 
Gardner  and  Paterson  were  forced  to  apply  several 
approximations  since  for  six  unknown  mobility  coefficients  only 
five  independent  experiments  were  carried  out.  In  this  work 
mobility  coefficients  from  two  of  these  approximations  were  used. 
Since  the  co-ion  concentration  in  the  membrane  is  small  (the  ratios 
C  I/C  2  for  N1  and  El  were  408  and  185  respectively),  the  assumption 
3.12  '2  23-  0  vas  mude.  As  co-ion  is  a  minor  component, 
I.  the  coupling  coefficient  1 
12  was  assumed  to  be  small  compared  to 
thus  (b)  1  12  0  v.  -as  assumed. 
From  assumption  (a)  by  neglecting  co-ion  to  counter-ion  and 
co-ion  to  water  interaction,  the  transport  numbers  of  each  membrqie 
r,  pecies  became F2  p2 
170. 
t  11  t2  '1  22 
Ft3=1 
31  R,  K,  I'v, 
respectively. 
Thus  equations  (2-41)  (2-43)  can  be  described  in  terms  of 
the  transport  numbers  of  counter  ion,  co-ion2  waterg  and  the 
specific  conductivity. 
1 
93  ý-  t2Vj(tlXl2  +  t3X3)  (6.6) 
F 
tLý 
(t2Xl2  -  t3X3)  +Ix  = 
F2 
p 
33  3 
(6-7) 
Therefore  from  (6.1)  (6.2)  (6-3)  L 
SS2 
Lswq  L 
ww 
became  respectively 
t  2tlK 
t2t3  VU 
t2 
2  33  3  hu 
F  -F  "-- 
the  significance  of  which  will  be  discussed  later. 
The  third  set  of  mobility  coefficients  (designated  method  (c)) 
was.  obtained  from  the  Salt  Model  Calculation.  This  supplies  an 
alternative  set  of  I 
ik  coefficients  obtained  di3;  ectly  from  solution 
data  and  some  basic  measurements  on  the  membrane. 
The  use  of  the  coefficients  from  the  S.  M.  C.  in  the  predictive 
calculation  provide  an  impression  of  the  practical  application  of 
the  S.  M.  C.  and  allow  further  insight  into  the  accuracy  of  the  salt 
model  concept. 
Also  by  using  the  I  ik  coefficients  from  the  approximations 
and  (b),  an  impression  of  the  accuracy  of  each  assumption  can  be 
obtained. 
The  Reverse  Osmosis  Char-octeristics  of  the  Normal  inj 
Expanded  C 
60  for  0.10  Nacl 
_2ý 
Salt  Rejection 
In  this  section  the  rejection  characteristics  of  the  membranes 
at.  a  variety  of  applied  pressures  will  be  discussed. 
Rejection  is  defined  by  equation  (6.8) l7le 
Rejection  fCPx 
100  (6.8) 
f 
where  Cf  and  Cp  are  the  molar  concentrations  of  the  feed  and 
product  solutions  respectively. 
(Rejection  is  normally  used  as  a  percentaCe), 
The  ability  of  N2  and  E2  membranes  to  desalinate  sodium  chloride 
solutions  was  studied  under  a  variety  of  conditions.  Pressure 
differences  of  200  and  400  lbs.  in2  were  applied  using  Reverse 
Osmosis  System  11  section  (  4.2  )  and  pressures  of  1000  and 
1500  lbs.  in.  2 
applied  using  the  Harwell  Systeml  section  (4-3-4). 
To  investigate.  the  effects  of  concentration  of  the  feed  s.  olution, 
on  desalination  propertiesy  solutions  ofl,  OM  NaCl  were  also  studied. 
-For  0.10M  NaCl  the  observed  and  predicted  results  for  N2 
and  .  E2  are  presented  in  Table  (6.  ý),  For  both  N2  and  E2  rejection 
increased  (product  concentration  decraased)  as  the  applied  pressure  vras 
raised.  It  is  obvious  from  Table  (6-3)  that  the  first  achievcment 
of  the.  reverse  osmosis  calculations  is  that  each  method  (a 
-  c) 
predicts  this  trend  in  behaviour.  Over-the  whole  pressure  range 
the  less  sviolleng  N29  which  conUined  52/4  vrater,  desalinated 
slightly  better  then  the  more  swollen  E2,  (78,  ý-  water).  Method  (a) 
predicted  this  observed  trend  at  each  pressureo  whereas  method  (b) 
predicted  equal  rejection  for  both  membranes.  Method  (c)  predicts 
better  rejection  for  E2  at  200  and  400  lbs.  in2  and  equal  rejection  at 
1000  and  Ir-00  lbs  .ir, 
72 
This  similar  rejection  ability  of  the  Normal  and  Expanded  1embranes 
which  was  both  observed  and  predicted  is  not  a  result  -which  might  be 
reached  intuitively,  Particularly  considering  that  membrane  E2  contains 
more  water  md  is  consequently  more  open  structured.  It  also  contains 
considerably  more  salt. 172, 
The  magnitude  of  the  applied  preszure  has  a  significant 
effect  on  the  desalination  achieved.  For  the  N2  membrane  the  salt 
rejection  is  46%  at  200  lbs.  i-n  29  but  Mtfo  at  1500  lba-i-n  2.  For 
the  expanded  the  corresponding  rejection  figures  are  40% 
rising  to  784j.  Therefore)  with  an  increase  of  some  seven  times 
in,  the  magnitude  of  the  applied  pressure  force,  the  rejection 
approximately  doubles. 
Figures  (6.2)  (6-3)  illustrate  the  success  the  calculation 
achieves  in  predicting  the  product  concentration.  The  predicted 
results  from  each  method  define  a  graph  which  is  not  only  close 
to  the  gr4ph  defined  by  the  experimental  results  for  both  112  and  E22 
-but  each  graph  is  identical  in  form  to-th-a-t  iraced  by  the  experimental 
results.  This  is  a  considerable  achievement  and  is  a  justification 
of  the  as-cumptions(a),  (b)  made  previously  to  obtain  the  mobility 
coefficient5and  also  illustratesthat  the  Lodel  coefficients  accurately 
describe  the  intra-membrane  interactions.  In  both  figs  (6.2)  (6-3) 
the  graph  defined  by  method  (b)  lies  closest  to  the  experimental 
graph  and  the  graphs.  defined  by  both  (a)  and  (c)  lie  below  the 
experimental  graph.  Although  the  Salt  Model  coefficients  are  least 
successful  in  predicting  CP,  considering  the  simplicity  of  the  basic 
assumption  and  that  the  method  does  not  require  any  transport 
Measurements  on  a  real  membranet  the  estimate  they  provide  is  most 
satisfactory  especially  since  they  clearly  show  the  observed 
variation  of  Cp  with  pressure. 
Over  the  range  of  pressure  the  Model  coefficients  over-estimate 
CP  by  between  0.018  and  0.02M  for  N2  and  by  0.011  and  0  .  014M  for  B2. 
The  best  agreementg  provided  by  method  (b)l  predicts  for  N2  product 
concentrations  almost  identicalwith  those  observed  at  each  pressure 
lb  S.  j7  2. 
r,  below  1500  n  At  this  pressure  the  predicted  differs  from 
the 173. 
the  observed  Cp  of  0.0181.1,  by  +0.00411.  This  is  the  maximum 
deviution  observed  and  may  well  be  contributed  to  by  some  compaction 
of  the  membrane  by  the  very  high  pressure. 
Method  W  also  makes  the  best  estimate  of  Cpf  or  Membrane  E2 
the  graphs  of  predicted  and  observed  agree  almost  exactly  above 
2 
200  lbs  in  .  At  this  pressure  the  predicted  Cp  is  0  .  004M  larger 
then  the  observed  value  of  0.001,  i.  e.  6.6c,  o. 
For  both  membranes  method  (a)  provides  predicted  product 
concentrations  in  close  agreement  with  the  experimental  results 
although  it  is  not  so  successful  as  method  (b). 
Method  (a)  gives  better  agreement  for  N2  than  E2.  It  over- 
estimates  N2  by  some-0.006  -  0.008M  and-E2-  by  -0.008  -  0.01M  over 
the  range  of  applied  pressures. 
'It  is  not  surprising  that  method  (a)  which  is  the  most  simple  method, 
(as  it  ignores  all  co-ion  in  the  membrane)  is  less  successful  for  B2 
since  E2  contEýins  twice  as  much  salt  as  N2. 
6.1-4-  Water  FlRI2_  JwI  for  Normal  and  Expanded  C0  Membranes 
for  0.101d  Nacl. 
Table  (6.3)  and  figures  (6.4)  (6-5)  show  the  effect  of  increasing 
pressure  on  the  mter  flux  for  the  experimental  membranes,  The  -water 
-2  flux  increases  linearly  with  pressure  until  500  lbs-in  in  the  normai 
and  1000  lbs.  in  in  the  expanded.  Above  these  pressures  deviations 
from  lineaAy  were  observed.  At  500  lbsoi-n  2  in  me=brane  N2  the  water 
flux  was  0.52  x  10-3  ml.  cm  -2  inin-1  whereas  for  E2,  JW  was  3.7 
times  larger  beihg  1.94  x  10-3  ml.  cm-2  inin-1.  This  is  a  consequence 
if  it 
of  thef  more  o'penj  less  tortuous,  matrix  of  the  expanded  membrane. 
The  water  flux  o-C  N2  reaches  a  maximum  value  at  600  lbs.  sq.  in. 
after  which  it  levels  out  to  an  approximately  constant  value  of  0.60  ml. 
-2  1  -1 
cm  &  min  ..  0 
Membrane/ 174. 
Membrane  E2  follows  a  similar  trend.  iW  begins  to  level  off 
at  1500  lbs.  iR 
2.  At  this  pressure.  the  maximum  J 
17  value  observed 
of  4-85  x  10-3  ml.  cm-2.  in  in-'  was  reached. 
The  levelling  out  of  the  water  flux  for  both  N2  and  E2  may  be 
attributed  to  compaction  of  the  polymer  matrix  by  the  high  applied 
pressures,  The  more  rapid  and  more  severe  effect  in  N2  can 
be  explained  by  considering  the  Polymer  structure  of  the  C  60 
membrane. 
The  mechanical  strength  of  the  membrane  is  derived  mainly 
from  the  inert  impermeable  regions  of  polyethylene  which  are 
I  interconnected  with  the  permeable  regions  of  polystyrene.  As  a 
consequence  these  polyethylene  regions  support  the  applied  pressure. 
The  membrane  can,  therefore,  be  thought  of  as  a  series  of  connected 
(4 
islands  of  polyethylene  and  polystyrene. 
Under  pressure  the  only  means  of  compaction  for  the  membrane  is 
by  collapsing  into  its  ourn  volume  and  filling  the  intectitial  void 
between  the  polymer  chains.  The  compacted  membrane  will  consequently 
be  more  dense. 
I  On-the  application  of  high  pressure  the  polyethylene  'islands' 
may  distend  in  such  a  way  as  to  reduce  and  restrict  the  diffusional 
pathways.  This  will  make  the  membrane  somewhat  more  tortuous  and 
less  permeable.  Since  the  matrix  of  the  expanded  membrane  is 
initially  more  swollen  and  thus  more  open,  it  would  seem  reasonable 
that  any  deformation  of  the  co-Polymer-would  more  seriously  effect 
the  normal  membrane.  This  conclusion  is  further  con-firmed  by 
considering  the  tortuousity  and  water  flow  dat  -,  a  for  the  membranes. 
Whereas  from  the  normal  to  expanded  the  tOrtuOuSi4%'Py  factor  decreases 
by  only  ll%j  the  Nva  t  er  flux  increases  by  SOM9  40  4  011-01,  Therefore, 
if/ 175. 
if  the  tortuousity  of  both  membrunes  is  even  slightly  increased 
by  compactiong  a  decrease,  in  Jw  might  be  expected.  This  increase 
in  tortuousity  of  the  membrane  will  equally  affect  each  of  the 
individual  fluxes  and  therefore  the  product  concentration  will  remain 
unaffected  since  it  depends  on  the'ratio  of  the  salt  and  water  flux. 
This  is  as  observed. 
Since  the  graphs  defined  by  the  predicted  values  especially 
method  (a)  in  figs.  (6-4)  (6.5)  show  close  agreement  v.  -ith  the  graph 
from  the  observed  results  afloýv  pressures,  it  may  be  assumed  that. 
the-prediction-calculations  extended  to  higher  pressures  represent  the 
performance  of  an  ideal  membrane  which  undergoes  no  compaction. 
These  plots  illustrate  that  for  the  ideal  membrane  water  flux  is 
directly  proportional  to  the  applied  pressure.  This  is  true  for 
the  O.  IMNael'feed  solution  since  the  cross  term  contribution  to 
J 
W, 
L 
ws 
X 
12 
is  very  smallp  (less  than  1%  of  J 
W). 
The  osmotic  pressure 
across-the  membrane  is  for  the  0.1011  feed,  small.  Since  there  is 
little  change  in  the  osmotic  pressure  over  the  range  of  preseures, 
this  does  not  affect  the  change  in  Jw  with  applied  pressure. 
For  both  N2  and  B2  the  method  (b)2  which  guve  the  bect  estic;  ate 
of  CV  gives  the  least  satisfactory  prediction  of  Jw.  In  every 
case  Jw  is  over-estimated.  Methods  (a)  and  (0)  which  tend  to 
predict.  low  values  for  Cp  give  Go  od  estimates  of  Jw  for  both  N2 
-2  to  For  N2  the  model  (500  lbs.  in  )  and  E2  (6  1000  lbs.  iii  . 
coefficients 
(c)  provide  a  predicted  J  at  2GDlbs.  *Jn-  2 
which  differs 
w 
frcm  the  observed  value  of  0.20  x  10-3  ml.  CM72  mLn7l  by  only 
x  10-3  ml.  cm*-2 
-2  -1  At  400  lbs.  in  0.00  5  InLn.  .n  the  differenct-!  from  the 
observed  value  of  0.51  x  10-3  $  is  0.09  mj.  c,  ý-2  min-'.  The  J  values  w 
predicted  by  method  (a)  differ  by  0.03  .  10-3  and  0.04  x  10-3  ml.  cm-2 
mine-'.  respectively  at  these  pressures,  Por  the  expanded  membrane 
methods 
(a)  c)  slightly  underestimate  J 
IY9  but  the  agreement  is 176. 
good  over  the  whole  pressure  range  and  is  a  major  success  of  both 
the  prediction  calculation  and  also  of  the  Salt  Model  concept. 
0.19  x  10-3  ml.  cm-2-  The  estimate  from  these  methods  are  0.08  and  Inill. 
less  than  the  observed  value  of  0.76  x  10-3  ml.  cm-'ý'  n.  -1  at 
200  lbs.  in  -2  and  at  1500  lbs.  in  -2  the  respective  deviations  from  the 
I 
observed  value  of  4.85  x  10-3  ml.  cm-2  rnin.  -l  are  0.49  z  10-3 
10-3  and  0.24  x  ml.  cm.  -)min.  -l. 
The  Salt  Fluxy  Ja,  throiiýýh  N2  ýand  B2  for  0.111  NaCl 
The  variation  of  salt  fltm  with  applied  pressure  is  shown 
in  figs.  (6.6)  (6-7)-  The  graph  of  the  observed  results  for 
both  N2  and  E2  are  similar  to  the  graphs  defined  by  the  experimental 
Jw  values. 
Method  (a)  gives  Predicted  JS  values  in  good  agreement  with 
the  experimental  values  (which  were  estimated  from  equation  (6.6)). 
jj:  ethod  (b)  over-estimates  Js  at  each  applied  pressure.  This  is 
as  expected,  since  this  method  over-estimates  Jw,  but  eives 
excellent  values  of  C  The  Model  coefficients  also  over-estimate 
p 
Js  ana  they  do  so  in  a  progressively  increasing  way  which  accounts 
for  the  large  predicted  C  values.  p 
General  Conclusions  Arisim-  From  the  Predictive  Reverse 
Osmosis  Calculation  for  O.  iUa  Jael.  - 
The'relative  success  achieved  by  methods  (a)  and  (b 
in  predicting  the  fluxes,  J 
13) 
1w  and  the  product  concentration  can 
be  traced  to  the  approximations  used  in  obtainin,  3  each  set  of 
mobility  coefficients. 
M  -hod  (b)  over-estimates  both  fluxes.  The  over-estimation  et 
Of  JW  is  caused  by  the  larger  value  of  L,,  which  is  in  turn  caused 
by  a  larger  1 
33* 
This  larger  1 
33  can  be  expiained  by  considering 
equation 
(2-43). 177. 
13  13,  -  X12  + 
Using  equation  2.20  and  t1 
z1 
(i  Xt2x  33  -33 
t1  gives  2 
-z21  32)  X+  (i  00<  t2x  12  33  -33 
In  the  original  salt  gradient  experiments  to  determine  1  33'  if 
method  (a)  is  used,  then  1  33  is  under-estimated  by  the  value  I  32X12* 
This  apparently  small  omission  (of  1  32 
X 
12)  causes  a  decrease 
of  2,1%  in  It,,,  (for  N2)  and  thus  decreases  J 
wo 
Comparison  of  the  predicted  results  vdth  those  observed 
shows  that  the  112  ý23=0  approximations  (method  (a))  provides 
mobility  coefficients  which  give  the  best  estimate  oh.  '  both  J 
and  JW  for  both  N2  and  E2.  Itg  therefore,  appears  to  be  the 
most  accurate  assumption  and  the  value  of  1  33  which  it  provides  seems 
to  best  represent  the  water  -  water  interaction  in  the  experimental 
-membrana. 
The  high  predicted  valuesof  C  obtained  from  the  Model  coefficients  P 
are  caused  by  the  large  values  of  both  L. 
88  and  L 
Ow 
(Table  6-4) 
(these  are  caused  by  the  S.  M.  C.  providing  large  value  of  1 
ill 
1 
22  and  1 
13 
).  These  slightly  over-estimate  JS0  The  S.  M.  C.  also 
under-estimates  1  33  and  over-estimates  t  3*  This  in  turn  causes 
relatively  small  Lww  valuesand  J  is  slightly  under-estimated.  w 
The  ratio  of  J  to  J  is  therefore  high  and  C  predicted  is  larger 
wp 
than  observed.  The  absolute  values  of  J.  (Predicted  from  (c)) 
are,  however,  in  good  agreement  with  those  observed.  Consequently 
the  S-Y--C-  calculation  provides  a  good  estimation  of  the  I  coefficients  33 
and  thus  of  the  water-water  interaction  in  the  membrane.  The 
agreement  obtained  by  method  (0)  suggests  that  the  factors  affecting 
jw  are  E)  and  Vw  since  by  taking  simple  solution  mobility  coefficients 
and  so-,  ling  them  by  e/V 
wý 
section  (  3.1.2),  accurate  values  of  1  33 178. 
and  consequently  of  Jw  in  the  membrane  are  obtained. 
The  pressure  experimentst  therefore2  confirm  the  validity 
of-the  Salt  Model  Calculation  and  illustrate  its  ability  to  predict 
J'j  J'  and  C  to  an  accuracy  which  is  at  least  qualitative  and  which  swP 
jus  tifies  its  practical  applicationy  especially  so  since  it  gives 
these  predicted  values  requiring  the  very  minimum  of  information 
on  the  membrane. 
An  impression  of  the  various  contributions  to  J 
09 
jw  and  C  can 
be  obtained  by  considering  the  calculations  for  each  flux  using  method 
(a)q  Table  (6-5)-  The  cross  term  contribution  to  Js9L 
sw 
X  3'  in 
the  normal  membrane  is  some  10%  of  the  total  salt  flux  at  200  lbs.  in7  2 
and  24%  at  1500  lbs  .,  rj-2.  At  these  pressures  in  the  expanded  membrane 
this  contribution  is  17  and  35%  respectively.  The  smaller  contribution 
from  the  cross  term  for  the  normal  illustrates  the  better  Ddnnan 
exclusion  in  the  more  dense  membrane.  The  cross  term  contribution 
to  JWf  L 
VW's 
X  121  in  both  membranes  is  very  small.  The  contribution 
from  this  term  is  larger  at  the  low  applied  pressures.  At  200  lbs.  in  -2 
,j  it  is  less  than.  1%  0.1.  if  in  the  normal  membrane  and  lesz  than  22% 
in  the  expanded.  Therefore,  the  term  ZX  is  completely  dominant 
in-determining  Jw 
i.  e.  jLX 
vA7  3 
whereas  there  is  a  significant  contribution  to  J.  from  both  terms 
in  equation  (2-47). 
The  reverse  osmosis  calculation  illustrates  thatý  if  a  pressure 
experiment  is  to  be  included  in  the  determination  of  membrane 
,  nobility  coefficients(anci  the  correspondence  between  predicted 
I 
and  observed  results  suggest  it  should)  care  must  be  taken  to  carry 
out  the  experiments  at  fairly  low  pressures,  otherwise  the  membrane 
matrix/ 179. 
matrix  may  be  altered  by  compaction. 
The  reverse  osmosis  calculation  also  indicates  tILit7  any 
attempt  to  predict  the  reverse,  osmosis  characteristics  of  a  membrane  by 
irreversible  thermodynamics  or  otherwise,  from  membrane  data  obtained 
at  atmospheric  pressure  will  become  less  successful  at  high  pressures 
unless  membrane  compaction  is  taken  into  account. 
I 180. 
6.2.  The  Reverse  Osmosis  Calculation  for  a  1.  OM  Na.  Ql  Feed  Solution 
The  variation  of  the  reverse  osmosis  characteristics  of  the 
membrane  with  concentration  were  investigated  by  conducting  pressure 
experimentswith  a  I.  OM  NaCl  feed  solution. 
The  ability  of  the  reverse  osmosis  calculation  to  predict 
j 
sl 
J  and  C  at  1.011  was  also  investigated.  Table  (6.6) 
shows  the  physical  characteristics  of  N2  and  E2  in  a  LOM  NaCl 
solution.  Comparison  of  Tables  (6.1)  and  (6.6)  shows,  in  the 
LOM  solution  the  water  contentsof  N2  and  E2  are  reduced  by 
some  25%  and  the  tortuosity  factors  of  each  are  increased.  From 
this  data.  alone  and  from  observations  made  at  0.1M,  it  could  be 
concluded  that  Jw  for  the  1.00M  feed  will  be  low.  The  o--motic 
pressure  difference  across  the  membrane  (for  even  a  low  rejection) 
with  a  1.021  Nael  feed  solution  will  be  considerable.  If  Wrejection 
of  5Cý  was  achieved  equation  (6-4)  gives  an  osmotic  pressure  across 
the  membrane  equivalent  to  350  lbs.  in-2.  Therefore  the  force  on  water, 
X 
3'  will  also  be  expected  to  be  small  in  the  1.  OM  system.  This  also 
will  cause  J  to  be  small.  w 
At  200  lbs.  in  -2  neither  N2  nor  'E2  a'llowed  a  flow  of  water. 
This  is  not  surprising  since  a  rejection  of  onlY  30%  would  set  up 
an  opposing  osmotic  pressure  of  approximately  200  lbs.  i; 
ý  Even 
2 
at  400  :  Lbs.  in7  the  normal  membrane  would  not  permit  a  flow  of  water. 
Howeverg  the  membrane  "E2  allowed  a  finite  flow  at  this  pressure. 
The  measured  product  concentration  was  0.69Mv  Table  (6-7)t  i;  iving 
a  rejection  of  31%9  which  is  significantlY  lower  than  the  56%  achievea 
by  the  same  membrane  for  the  0.10M  feed  solution.  The  meacu:  7ed  water 
flux  wa  Is0.54  x  10-3  MI.  Cm-2(nin-ly  2-5  times  less  than  that  observed 
7  -9  ,,,,  Oles  salt  cM72  Se  . 
-l  at  0.10M".  The  salt  flux  of  6.335  x  10  c  was 
almost  an  order  of  magnitude  hiGher  than  the  Js  at  0.10M,. 181. 
6.2.2.  The  IllobilitY  Coofficients  used  in  the  Reverse  Osmosis 
Calculation  fora  1.0lu  NoiCl  feed  Solution  and  the  Results. 
They  Predic 
Although  in  1.011  NaCl  the  salt  uptake  by  both  membranes  increases 
so  significantly  that  the  interaction  of  the  co-ion  with  the  other 
membrane  species  cannot  be  ignored,  that  is  1  12'V  0  and  1 
23 
V  0, 
]Paterson  and  Gardner 
6 
found  that  equations  (2-47)  (2-48) 
centration  cell  gave  values  of  both  salt  and  water  flux  (in  a  con 
experiment)  close  to  those  experimentally  observed.  The  coefficients 
Lssq  Lswq  L 
ww  were  calculated  (I)  on  the  basis  of  these  short 
equationsq  (II)  from  the  mobility  coefficients  obtained  using  the 
IC  (21  /C  approxim-ction 
(6) 
and  (III)  from  the 
23  '=  2  33/C3  -  113  1) 
lik  coefficients  obtained  from  the  S.  M.  C.  at  1.011. 
The  value  of  product  concentration  predicted  by  method  M  was 
0-70M,  i.  e.  within  l.  ev  of  the  observed  concentration  of  0.69M. 
This  iS2  therefore,  an  excellent  method  of  predicting  the  product 
concentration  for  the  1.011  NaC1  system.  However,  the  predictions 
from  (II)  and  (III)  were  very.  high,  the  former  being  0,95M  and  the 
latter  0.98M. 
Equation  (2-48)  gave  an  acceptable  estimate  of  Jw,  however, 
the  1'  coefficients  from  II  provided  a  predicted  value  of  J  which  ik  w 
is  almost  a  factor  of  three  too  large.  These  coefficients  also 
considerably  over-estimate  J 
so 
However,  in  this  case  the  over- 
estimation  of  both  fluxes  is  not  Proportional  and  consequently  the 
predicted  product  concentration  in  unsatisfactoiilllaree.  Just  as 
for  the  0.1011A  NaC1  feed  solution  the  S..  M.  C.  coefficients  give  an 
excellent  prediction  of  Jw  which  is  0.01  x  10-3  ml.  czj-2  min-I 
lo-ger  than  the  observed  value  of  0-54  x  10-3  -2.  m  Cm  Min 
i.  e.  , zithin  2.61%.  The  SX.  C.  coefficients  also  provide  a  salt  flux 
value  Closest  to  that  observed  experimentally,  Ulthough  each 
predicted  J.  tends  to  over-estimate  the  observed  vzý.  Iue  and  thun  the 
ratio/ 182. 
ratio  of  the  fluxes  predicts  a  rather  large  Cp 
The  Lss,  L 
Sly  coefficients  I  Table  (6.8)  are  an  order  of 
magnitude  larger  for  the  LOM  NaCl.  feed  solution.  The  increase 
is  caused  by  the  much  larger  co-ion  content  of  the  membrane  (in  1.0,1,  ') 
which  increases  t2  and  consequently  increases  1  121  1 
22  and  1  23* 
The  direct  water  coefficients  L 
ww  are  relatively  similar  -howeverg  for 
both  0.10M  and  I.  M  NaCl  solutionsy  since  t3  and  1 
33  are  ieLýs 
affected  by  the  change  in  the  total  molality  of  the  membrane. 
The  effect  these  changes  have  on  the  relative  contributions  to  the 
fluxes  is  shown  in  Tables  (6. 
%9) 
(6.10)lbthod  (I)  1vas  chosen  as  it  gives 
the  best  estimate  of  C 
13 
-The-oontribution  to  JS  from  the  cross  term  L 
Sw 
X3 
was  13%  while  for  the  O.  lLI  system  it  was  2elo,  Table  (6.11). 
This  decrease  is  caused  by  the  water  f  orce  X3  being  reduce4  by  the 
opposing  osmotic  pressure.  However,  the  smaller  water  force  means 
that  the  cross  term  contribution  to  JwpL 
WS 
X  12  will  be  more  significante 
It  amounts  to  some  12%,  while  for  E2  in  the  0.10M  NaCl  it  was  only 
Therefore  the  change  in  concentration  quite  significantly 
alters  'I.  he  relative  significance  of  each  contribution  to  both 
j  and  Jw. 
6.2-3.  General  Conclusions  from  the  Reverse  Osmosis  Calculation 
for  a  1.0L  ITaCl  Feed  Soluticn. 
The  reverse  osmosis  calculation  confirms  that  the  equation3 
(2-47)  (2-48)  successfully  describe  JS  and  Jw  for  I.  V-1  Nael  solution 
(where  they  should  not  apply).  The  prediction  calculation  demonatrates 
that  the  approximation 
(II)  over-estimates  all  membrane  mobilit  Vy 
coefficient  especially  those  affecting  J  i.  e.  1 
11'  1221  1ý3' 
The  1  33  coefficient  from  this  approximation  .,,;  as  used  in  method 
(i)  and  it  gave  a  good  estimation  of  Jw  and  thU3  accurately 
representý 183. 
represents  the  water-water  interactions  in  tho  membranefor  the 
I.  OM  NaCl  system. 
Finally  the  estimate  of  Js  and  Jw  predicted  by  the  model 
coefficients  indicate  that  these  coefficients  describe  quite 
accurately  the,  various  interactions  within  the  experimental  membrane 
at  I.  M.  This  further  justifies  the  concept  of  the  salt  model 
and  shows  that  the  S.  M.  C.  can  be  of  practical  value.  Certainly 
any  Model  calculation  which  allows  membrane  mobility  coefficients 
to  be  determineq  which  describe  both  salt  flux  and  water  flux  in 
0.10M  and  1.011  Naclq  to  the  same  degree  of  accuracy  as  the 
experimental  mobility  coefficients  has  been  successful.  Especially  so 
since  the*model  coefficients  were  obtained  from  published  solution 
coefficients  and  a  minimum  amount  of  membrane  data. 
It  must  be  noted  that  the  mobility  coefficients  from  the 
approximation  (II)  used  in  the  reverse  osmosis  calculation'for 
1.011  NaCl  are  the  only  set  which  gave  sensible  predicted  values 
Of  Cp  (i.  e.  less  than  1.011).  The  other  sets 
6) 
gave  Cp 
values  greater  than  LOM  and  consequently  were  not  reported. 
V- 184. 
Comparison  of  the  Physical-Characteristics  of  the  Normal  and  Expanded 
C  lombranes  used  by  ardner  and  Paterson  with  the  Normal  and  ý60 
Exranded  used  in  this  Work. 
TABLE  (6.1) 
m.  molj  cm73  % 
Water 
2  10  K  t3  cl  c2  c3 
Nl  52.6  1.37  10*75  0.98  0,0024  19.03 
,  jj 
--50009  1.23  --11*00  1*04  -o.  oM  19*24 
El  77.7  1,92  15*77  0,96  0.0052  25.07 
E2  78.41  2.05  16,00  0,97  0.0040  25AB 
NI,  El  are  the  membranes  used  by  Gardner  and  Paterson 
N2ý2-  are  the  membranes  from  this  work. 185- 
TABLE  (6.2a) 
REVERSE  OSMOSIS  CALCULATION 
--Membrane  C 
60N 
N2  Feed  Solution  0.100M  NaCl  Pressure  400  lbs.  in-2 
L 
ss 
L 
sw 
L 
We 
L 
ww 
from  1 
12  =  23  =o  approximation 
3 
c 
Guess  xx3  S/  3x  55.5 
p  12  3s  W-  w 
Molarity  Joules  mole  cm- 
1 
Moles  cm- 
2 
Sec- 
I 
Molarity 
0,040  1.400  x  10 
5 
14.89  x'10 
2 
4,588  x  10-10  4,304  x  10-7  0,0592 
(),  043  1,285  x  10 
5 
14.975  x  10 
2 
4.252 
*x 
10-10  4.322  x  10-7  0,0546 
0,045  1,220  x  10 
5 
15.  C30  x  10 
2 
4*063  x  10- 
10 
4.336  x  10-7  0,0520 
(),  047  1,152  x  10 
5 
15*085  x  10 
2 
3.865  x  10- 
10 
4*349  x  10-7  0,0490 
(),  050  1,1053  x  10 
5 
15*168  x  10 
2 
3,5.76  x  10-10  4o370  x  10-7  0,0454 
52  10  7 
(),  054  0,941  x  10  15.27  x  10  3.2496x  10-  4*395  x  10-  0*0410 
Cp 
Guess 
8  /JW  x  55.5 
=  0.048M 
3*7655  x  10-10  males  cm-2  sec.  -' 
S 
4,355  x  10-7  moles  cm-2  sec,  -1 
w 
32  0.47  x  10-  mls  cm-  nun 186* 
TABLE  (6,2b) 
REVERSE  OSMOSIS  CALCULATION 
Membrane  C 
60E 
E2  Feed  Solution 
I 
0,100M  NaCl  Pressure  400  psi, 
L 
ss 
L 
sw 
I 
ws 
L 
vw 
from  1 
12  =  23  =0  Approximation 
cp 
Cuess 
x 
12 
Molarity  Joules  Mi 
0.040  1,273  x  10 
5 
.  0.043  1,170  x  10 
5 
().  047  1,048  x  10 
5 
0.050  0.959  x  10 
5 
01055  0.835  x  10 
5 
0,060  0,720  x  10 
5. 
x3 
31a-i  cm 
13.54  x  10 
2 
13.61  x  10 
2 
13s71  x  10 
2 
13.79  x  10 
2 
13.91  x  10 
2 
14.04  x  10 
2 
i 
s 
Males  cm- 
2 
sl 
1.500  x  10- 
9 
1.395  x  169 
9 
1.272  x  10 
1,181_7x  10- 
9 
1.0566x  10- 
9 
0.94072 
iwi-.  /j  x  55.  E 
3c,  Molatity 
10.71  x  10-7  0.078 
10.75  x  10  -7  0.072 
10.87  x  10-7  0,065 
10.856  x  10-7  0.0604 
10*932  x  10-7  0.0536 
11,016  x  10-7  0.0474 
cp 
Cuess 
=3 
S/3 
wx 
55,5 
=  -0.054M 
3  1.08  X*10- 
9 
Mole  cm  -2  sera  -1 
3  1,082  x  10  Mole  cm-  sace 
u 
le17  x  10-  3  MLS  CM-  2  MIN- 
1 187. 
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TABLE  6.4 
Mobility  Coefficients  for  Salt  and  Water  Used  In 
The  Reverse-Osmosis  Calculation 
Feed  Solution  0.10M  NaCl 
Membrane  Method  LLLL 
SS  sw  WS  wW 
(a)  2,94  X  10-15  3-167  X  10-14  2.859  X  10-10 
C  Hormal  (b)  2,94  X  10-15  3.167  X  10-14  -10  3.768  X  10 
60 
3.68  x  10-15  -14  -10  7-46  x  10  2-471X  10  (0) 
(a)  1.025  X  10-14  1.626  x  10-13  7-772  X  10-10 
Expanded  (b)  -14  1.626  x  10-13  1.417  X  10-9  C60  1-025  X  10 
-14  -13  -10  1.220  x.  10  3-180  X  lCi  8*991  X  10 
-112  2 
-,, 
-,  -In  methods  (a)  and  (b)  L 
ss 
(111122  L 
sw 
L 
W3 
t2t3  OC 
C< 
1ýww.  1  c4t 
2 
33  3 
In  (a)  the  I  value  was  taken  from  the  112  =  23  0  approximation  33 
In  (b)  the  1  33  value  was  'taken  from  the  112  0  approximation. 
the  mobility  coefficients  from  the  S.  M.  C.  were  used 
LI,  SMC  L  SMC  L 
(131  1  32) 
2 
ss  12  sw  =  123 
wwýff 
11  11  12 TABLr  (6.  'ý) 
189. 
.  The  Calculations  for  the  Prediction  of  J.  and  Tw  for  a  0.1014  Feed  Solutio  -n 
I 
.1  1 
is  X+ 
as  12  1:  X 
Ew  3  "  .  X+ 
w  ws  12  ww  3 
HEMRAM  N2  LWBROE  E2 
Method  (a) 
PRE'  SURE  -2  200  lbs.  in 
10-5  .  729  x  27  0  X22  X  -2  8.24  x  10  3  -5  X 
12  =  0.54  1:  10  2  X  =  6-73  x  10- 
- 
-10  2.143  x  10  -11  2.293  X  10  10  i  5-535  X  10- 
3 
10  1-094  x  10- 
-10  2.372  x  10 
s 
-10  6.629  x  10 
IIj_:  =,  2.308  X  16'ý*9 
W 
-7  +  2-071  X  10  -8  j=o.  88  x  lo  +  -7  5.23  x  10 
, 
w 
2.0937  x  jo-7  1.1%  -7  5.319  x  10  1.6% 
-Method  (c)- 
X12  ,  503  x  10-5  X37.55  x  10-2  X  12  0.48  x'  1075  X3-6.79  X  10-2 
1.942  x  10  -10  i  +  5.632  x  10-11  =  5.86  X  10-10  i  +  2.159  x  10-10  S 
2.505  x  10  -10  2e 
s 
-  8.802  x  10-10 
-9  IJw-=3.62  x  10  -7  +  1.866  x  10  -8  Jw  =  1.526  X'10  +  6.105  x  10-7 
10-7  1.902  2.0,  %  6.258  x  10 
Method  (a)  PRESSURE  =1  500  lbs.  in-2 
I-2.05 
x  10-5  '1ý71  2. 
X-  60.01  x  10-2  3  X  1-596  x  10-5  12  X-  54.7  X  10-2  3 
='6.027  X.  10-10  +  1.901  x  10-10  is  1.636  x  10-9  +  8-894  X  10-10 
7.928  x  10-10 
_A4%  2.525  x__10-9 
6.492  x  10-9  +  1.716  x  10-6  j  2-595  X  10-8  +  x  10-6  4.253 
1.722  x  10-6  0-  042, 
w 
4.277  x_10-6 
. 
0.610A' 
Uethod  (c)_ 
X12  ,  1.500  x  10-5  X3-  60.05  x  10  2  X 
12  1.375  X  10-5  X-  54-59  X  10-2  3 
J,  ,  5.79  x  10-10  + 
S 
4-480  x  10-10  -9  1.678  x  10  +  -9  1-736  x  10 
LO-LI70  x  10-10  44.5o'  3-414  X  10-9  C" 
-9  +  'X  11.190  x  10  j  14  -7  .  838  x  10  -8  4.373  x  10  +  49.08  x  10-7  w 
-7 
x  10 
w 
x  1()-7 
ýThe  percentages  opposite  each  value  Of  J  and  J.  are  the  contribution  to  the  flux  from  the  cross  term  ZKo  IC  X 
and  unit's  of  X12  X3  ýJ 
r  SY;  3 
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192. 
COMPOUND  COEFFICIENTS  FOR  SALT  AND  WATER  USED  IN  REVERSF,  OSUOSIS 
CALCUUTIONS 
Feed  Solution  LOOM  Nacl 
MBRM  IOrHOD  L 
88 
L 
sw  --  L 
ws__ 
L 
ww 
c  60 
Expanded 
1.48  x  10-13  15.6  x  10-13  8.181  x  10-10 
3.6  x  10-13  137.8  x  10-13  8.18,  x  10-10 
3.03  x  10-13  52.7  x  10-13  3.19  x  10-10 
In  Method  (1)  equations  (2-47)  (2-48)  are  used  to 
calculate  J, 
_and 
J.  4. 
Therefore  L.,  tt  Lsw  Ltt  IX  Lt 
2p< 
12  WS  23  ww  33  3 
1  is  taken  from  the  1C  (21  1  33  23  2  33/C3  31/Cl) 
In  Method  (11)  equations  (2-41)  (  2-43)  are  used. 
L  ý,  .1 
ill  22  1  12 
L 
sw  .L  ws  =  (1 
13  -t1t3x  sla  c< 
L=1Xt2 
ww  33  -3 
1  33  is  taken  from  the  1  23  Mc2  (21 
33/C3  -1  31/Cl) 
In  Uethod  (111)  the  I 
ik  coefficients  from  the  S.  M.  C,  are  used. TABLE  (6.9) 
193. 
THE  CALCULATIONS  FOR  THE  PREDICTION  OF  3  AND  3  FOR  A 
W 
I.  OOM  NaCl  FEED  SOLUTION 
PRESSURE  =  400  psi 
METHOD 
X12  0.544  x  10  5-x3=7.665 
x  10  2 
is8.05  x  10-  9+1,196 
x  10-  9 
92 
8-1  9,245  x  10  .;  Ol.  cm  13% 
ýw  8.474  x  10-8  +  6,27  x  10-7 
-7  -2  -1  7.12  x  10  mol.  cm  s  12% 
(II)  x  843  x  10 
4x 
14.43  x  10  2 
12  3 
js3.6  3x  10-  9+  190  89  x  10-9 
92C,  -1  =  22.92  x  10  mal,  cm-  - 
wx 
10-8  +x  10-7 
72  -1 
9% 
=  12.93  x  10-  Mal.  cm-  x 
(III)  X 
12 
0*369  x  10 
4x3= 
15,2a  x  10  2 
3  1.118  x  10-  9 
+'8*053  x  10-  9 
-9  2  -1  Mal.  -8  =  9.171'x  10  cm 
3w=1,945  x  10-8  +  4*874  x  10-7 
.  4% 
-7  -2  -1  cm  s  =  5.069  x  10  mol. 
The  percentages  opposite  each  flux  are  the  contributions 
from  the  cross  terms  L 
SIV 
X3  and  L 
Iris 
X 
12 
to  the  respective 
Salt  flux  and  Water  flux. 
I 
Units  of  3s3w  mol.  cm-2  s-1 
Units  of  Xx  Joules  mole-I  =-1  12  3 194. 
TABLE  (6.10) 
THE  CALCULATION  FOR  THE  PREDICTION  OF  3  and  0  USINC  1 
12"=  23  =0 
COEFFICIENTS  WITH  FEEO  SOLUTION  0.10M  AND  PRESSURE  400  pqi. 
2  x 
12 
0.86  x  10  X3  13.76  x  10 
0.8806  x  10-9  +  1.9938  x  10-  11 
s 
=  1.08C)  x  Id-9  mol.  cm-2  sec-1 
-7 
w 
1*240  x  10  +  10.69  x  10 
-7  10*82  x  10 
Units'  X3  mol-  cm  12 
-2  -1  sac*  -  Units  0.  and  3 
W.  mol.  cm 195- 
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6-3.  Reverse  Osmosis  Characteristics  of  a  Series  of  Expande 
--ý6 
Lembranes  and  of  PerflLto  SulLhonic  iicid  1'embranes 
wj?  jiýVa--ryjxip,  Canacities  and  Water  Contents. 
In  the  first  part  of  this  chapter  tho  mobility  coefficients, 
which  determine  the  reverse  osmosis  characteristics  of  an  ion  exchange 
membrane,  were  discussed. 
The  reverse  osmosis  calculation  presented  was  successful  in 
predicting  the  desalination  characteristicsý  of  rejection  and  I 
water  flux1over  a  range  of  applied  pressures  for  both  IT2  and  E2 
membranes.  It  is,  therefore,  established  as  a  Proto-type  calculation 
which  can  be  applied  to  any  membrane  system  for  which  sufficient  data 
exist.  &.  This  calculation  could  be  used  to  provide  preliminary 
desdlination  information  on  a  membrane  system  and  thus  distinguish 
whether  a  further  more  comprehensive  study  would  be  r.,  orth  while. 
It  is,  howevert  impractical  as  a  general  method  unless  the  mobility 
coefficients  can  be  estimated  by  other  tb, 
--n  extensive  experimental 
effort.  The  SX.  C.  provides  such  a  method  and  has\been  shoym.  to 
give  sa-mi-quantitative  agreement  and  predict  trends  for  the  two 
0 
C  60  membranes  (Also  t3  CI  fig.  (  5-4.  )  su,,;,,,  Cest  that  the  SX.  C. 
focussed  on  chloride  salts  would  successfully  model  the  1H,  Lit  Na 
and  K  formz). 
. 
It  is  doubtful  that  this  calculation  will,  however, 
be  applicable  to  all  the  numerous  membranes  under  investigation. 
The  mozt  important  restriction  to  its  general  use  is  obtaining  a 
suitable  Model  salt  for  which  complete  thermodynamic  information  is 
available.  Therefore,  practical  data  of  the  effect  on  the  reverse 
osmosis  character-ýstics  of  chancinE  various  membrane  parameters  1,  rill 
give  an  indication  of  which  membrane  Ixoperties  are  most  important 
in  the  hyper-filtration  process, 
Using  the  membranes  N2  and  E2  it  vras  found  that  when  the  water 
content  was  increaEed  (by  expansion)  from  approximately  50  -.  o  80e,  -' 
both  the  salt  and  water  flux  increased  while  the  rejection  remained 204. 
almost  constant.  In  order  to  observe  'whether  these  trends  continue 
1vith  increasing  expansion  and  to  investigate  the  general  effects  o.  -P 
membrane  expansion  on  the  reverse  osmosis  characteriotics,  the  series 
of  expanded  C  60  membranes  (discussed  in  chapter  5)  was  studied. 
6-3-ýl-  Rejection  0  haracteristics  of  the  Ran;  re  of  C  60  and  XR  Ilembranes 
The  reverse  osmosis  data  for  the  full  range  of  C  60  membranes 
(0.10M)  at  200  and  400  lbs.  in72  applied  pressure  are  presented  in 
Tables  (  6.11),  (6.12)  and  for  the  XR  membranes  in  Table 
The  decrease  in  rejection  with  expansion,  first  observed  with 
membranes  N2ardE2  is  confirmed.  The-rejection  decreases  (and  product 
concentration  increases)  with  increasinC  water  content  of  the  membranes, 
Since  the  fixed  charee  capacity  of  the  C  60  membranes  (w.  r.  t.  dry  weiCht 
of  matrix)  is  constant,  the  increased  water  content  has  the  effect  of 
decreasing  the  internal  molality  of  the  membrane.  In  the  range 
of  C  60  membranes  rejection  decreases  from  70  -  46%  (at  400  lbo  in-2) 
as  the  membrane  molality  decreases  from  3.3m  to  1.23m  and  from 
46  -  281%o  (at  200  lbs  .  in-2)  as  the  molality  decreases  from  2.99m  to 
1.24M. 
For  the  XR  membranes  the  decrease  in  rejection  is  fr= 
60  -  54,44  at  400  lbs.  in72  and  50  -  41%  at  200  lbs.  in-2  The  molality 
decreases  from  5.29m  to  3.42m  in  these  membranes. 
Other  work  on  the  0  6.  membr"as  has  suggested  that  the  internal 
volality  affects  the  membrane  transport  properties  (e.  g.  the  t3- 
molality  relation  discussed  in  section  (5.4.1.  )).  The  rejection 
data  for  both  C  60  and  XR  membranes  was  Plotted  against  internal 
molality,  fig.  (6.8).  The  first  and  perhaps  most  Terarkable  featUre 
is/ 205. 
is  that  at  both  applied  preszures,  the  rejection  results  of  both 
the  C  60  and  XR  membranes  trace  smooth  curves  which  although  separate, 
have  identical  shapes.  This  relationship  is  made  more  significant 
by  the  fact  that  while  for  the  C  60  membranes  the  change  in  internal 
molality  is  caused  by  a  change  in  the  water  content,  in  the  XR  membranes 
the  molalities  vary  because  the  fixed  charge  capacities  are  different 
in  each  of  the  three  membranes.  Thus  the  relationship  of  rejection 
with  internal  molality  may  be  a  general.  one.  It  certainly  is  not  one 
which  might  be  predicted  intuitively. 
This  decrease  in  rejection  with  decreasing  molality  is  an 
effect  of  the  Donnan  rejection  potential. 
The  effect  of  salt  uptake  on  rejection  was  also  investigated. 
Since  C2  is  small  in  the  C  60  membranes  (at  0.10Y)  to  a  good 
approximation  1  12  ý--  23  =  Ot  section  (6.1.2  ).  This  reduces  equation 
(2-41)  to  equation  (2-47)  which  shows  the  dependence  of  JG  on  t  2' 
By  definition  t2ýZ1 
2F 
a00t. 
z2t2 
2  ý(z 
1J1+Z2J  2') 
(for  a  1:  1 
. 
salt) 
-  C2V2 
t2  ýv(C 
Iv1-c2v  2) 
since  V1=v2  (in  the  membrane) 
C2C2 
t2  ZIZ-2  =  71  (for  low  salt  uptake) 
(C 
1-0  2)  is  the  total  ionic  concentration  of  the  membrane  and  is 
approximately  constant  for  the  range  of  C  60  membranes.  Therefore, 
Js  and  consequently  rejec 
. 
tion.  will  be  (  approximately)  proportional 
to  C2* 
In  the  C  60  membranes  the  co-ion  capacity  ihcreasee  from  0.0022 
m.  mol.  cm73  in  PS 
1  to  0-0058  m-mol-cm-3/ 206* 
-3  Me  mol.  CM  in  PS  For  this  increase  the  rejection  decreases 
by  21%  at  400  lbs.  in72  and  12%  at  200  lbs.  in  -2  The  graphs  of  the 
rejection  results  plotted  against  C2  are  linear  at  both  200  and 
400  lbs.  in  -2.  fig.  (6.9).  Therefore,  from  a  knowledge  of  C 
2,  the 
rejection  of  any  membrane  in  the  C  60  series  could  be  predicted. 
6.3.2.  Water  Flux  Characteristics  of  the  Range  of  C  60  and  XR  Membranes. 
The  membrane  Ell  of  Gardner  and  Paterson,  and  E2  used  in  this  work  have. 
been  shovm  to  give  larger  water  fluxes  than  the  C  60  normal  membranes, 
(3) 
under  both  applied  concentration  and  Pressure  gradients. 
Further  heating-of-the  membrane  which  continues  the  expansion 
and  increases  the  amount  of  absorbed  water  has  the  effect  of  further 
increasing  the  water  flux,  Tables  (6.11)  (6.12).  The  wator  flux 
of  the  most  expanded  membrane  at  400  lbs.  in  -2  VMB  3.06  x  10-3 
mi.  cm-2min.  -li-which  is  an  increase  of  some  five  times  on  the  value 
measured  for  E2  (Table  (6-3))  and  is  an  order  of  magnitude  Greater 
th.  an  the  water  flux  for  the  1.  east  permeable  normal  membrane)PS,, 
The  plot  I  of  Jw  against  internal  molality,  Fig.  (6.8)  for  both  the 
c  60  and  XR  membranes  defines  individual  smooth  curven  which  are  of 
similar  shape.  The  gra;  I  defined  by  the  C  60  membranes  at  200  lbs.  in  -2 
perfectly  parallels  the  graph  obtained  from  the  results  at  400  lbs.  in-2. 
Fig.  (6-8)  therefore  indicates  that  both  rejection  and  wator  flux 
are  functions  of  t  -he  interm-1  molality  of  the  membrane.  Howeverg 
while  the  rejection  decreases  very  slightly  with  a  decrease  in 
membrane  molali-toy,  the  water  flux  increases  trenendouzly.  For 
in72)  for  aC3.0  example  (at  400  lbs  60  membrane  with  a  molality  of  3*'qý  the 
rejection  is  some  65ýj4o  and  J.  is  0-4  x  10-3  ml.  cm-2.  Mifi-1  -  However,  in 
a  more  dilute  membrane  with  a  molality  of  ca  1-5m,  the  rejection  is 
reduced  to  only  5()A'*o  but  J.  is  considerably  increased  to 207. 
10-3  mls.  car2  1.4  x  min.  -',  i.  e.  by  some  3505- 
The  dependence  of  water  flux  on  tortuosity  suggested  by  the 
SX.  C.  is  demonstrated  in  Fig.  (6.10).  Each  of  the  water  flux 
results  when  plotted  against  8m  (and  6p)  fall  on  a  smooth  curve. 
The  results  at  each  pressure  trace  individual  graphs  which  are 
identical  in  form. 
A  significant  feature  illustrated  by  these  plots  is  that, 
while  at  high  values  of  6,  (in  the  'tighter'  least  permeable 
It 
membranes)  a  change  in  0  will  have  a  relatively  small  effect  on 
Jw  In  the  more  'open'  and  thus  more  permeable  membranes,  a  change 
in  0  of  ca  from  3  to  2  will  ch,  ---nE;  e  Jw  by  a  factor  of  two. 
Fig.  (6.10)  shors  that  the  tortuosity  factor  gives  a  reasonably  good 
indication  of  the  permeability  of  a  membrane  to  viater,  under  an 
applied  pressure  force* 
The  XR-170  membranes,  which  have  considerably  lower  water 
contents  than  the  C  60  membrLnes  and  hence  have  larige  tortuosity 
factorsy  give  relatively  high  fluxes.  The  plot  they  pr6vide  of 
j 
VI 
against  8m,  Fig*  (6.10).  indicý..  tes  that  0  gives  an  impression  of 
permeability  relevant  to  only  one  specific  membrane  type  and  comparison 
from  one  membr&ne  system  to  another  cannot  be  made  with  confidence. 
This  is  probably  due.  to  the  different  character  of  the  host  polymer 
matrix. 
The  increase  in  Jw  with  expansion  of  f  the  membrL;  ne  can  be 
explained  by  considering  L 
vM 
In  section  (6.1.4  it  zmas  shov.  = 
that  for  0.10m  NaCl  (to  a  good  approximation) 
JLX 
3 
1.0.  Tw  =(i-t 
2be  )X 
33  33 208, 
In  the  previous  experimental  determination  of  the  mobility 
coefficients 
(3) 
it  was  shovm  that  1  33  increases  with  dilution 
of  the  membrane.  The  S.  M.  C.  also  demonstrates  that  1  33  increases 
as  the  internal  molality  decreases  since  the  uncorrected  1  33  for  E2 
is  greater  than  that  for  Mable  (3.4).  F=therp  since  e  is  smaller 
in  the  more  diluted  membrane  the  correction  factor  used  in  the 
S.  M.  C.  uill  also  give  a  larger  1  33  for  the  more  expanded  membrane. 
However,  both  the  experimental  measurem2nt--  and  the  S.  M.  C.  indicate 
that  t3  and  0(  increase  with  dilution  and  that  OC  increases  with 
decreasing  Gý  Chapter  5-  Therefore,  Jw  increases  in  the  range  of 
expanded  C  60  membranes-because  1 
33  increases  vdth  dilution, 
and  does  so  to  a  greater  degreo  than  t2X  3 
An  effective  reverse  osmosis  membrane  must  combine  a  high 
rejection  with  a  larger  wate.  -  flux.  The  high  molality  required 
to  provide  the  former  (in  an  ion  exchange  membrane)  willp  howeverl 
tend  to  create  a  smaller  JWa  -These  oppocing  properties  are  well 
illustrated  in  Fig.  (6.8)  and  must  be  optimized  in  any  ion  exchý_nae 
membrane  being  used  for  reverse  osmosis.  These  opposing  properties 
are  further  demons-ttrated  by  figs.  (6.11)  (  6.12).  In  fig.  (6.11) 
the  variL,.  tion  in  rejection  with  the  ratio  of  water  to  counter-ions 
in  the  membrane  is  sho,,  =.  The  ex;  erimental  results  define  a  graph 
which  is  approximately  linear  for  v-t.  lues  of  the 
C3/Cl 
ratio  above  25- 
However,  below  thisv  especially  between  10  20t  a  decrease  in  thi' Wa 
ratio  more  significantly  increases  the  rejection  capacity  of  the  C60 
membrane.  This  suggests  that  one 
C 
requirement  for  hi,,.  7,  h  rejection  in 
a  desalination  membraneq  io  a  low  3/C 
1  ratio. 
Fig.  (6.12)  sholus  the  increase  in  water  flux  with  increasinf; 
C  for  the  0  and  XR  membranes.  TherePore,  an  efficient  decalination 
3  60 
membrane/ 209. 
membrane  requires  a  low  '/Cl 
ratio  and 
'a  high  C  3*  These 
requirements  miE;  ht  well  be  satisfied  by  a  membrane  with  a  very  lo-;,  degree 
of  cross-lin1cing  and  a  high  fixed  charge  capacity. 
The  normal  C  60  membraney  therefore,  provides  quite  good  desalination 
with  a  low  water  f1wx.  Expansion  o-1.  this  membrane  slightly  decreases 
the  desalinationt  but  increases  the  water  flux  by  a  factor  of  ten 
-3  -1  -1  -2  -1  -1  to  7-0  x  10  cm.  hr  at  or  0.042  igal.  ft  day  at 
(which  are  the  units  normally  used  to  describe  J  in 
W 
reverse  osmosis). 
6.3-3.  It  is  of  interest  to  compare  these  desalination  characteristics 
with  other  data  on  ion  exchange  membranes  uoed  in  hyper-filtration 
studies,  and  also  with  the  cellulose  acetate  membranes  which  are 
produced  as  commercial  desalination  membrane--, 
Since  the  discovery  of  the  effectiveness  of  cellulose  acetate 
membranes  for  hyper-filtration  of  saline  solutions,  relatively  little 
work  has  been  done  on  the  apparently  lesso-attractive  ion  exchunge 
membranes. 
Baldwin,  Johnston  and  Halcomb  prepared  a  cation  exchanger  by 
grafting  poly-acrylic  acid  onto  cellophane 
(7). 
This  membrane 
rejected  35%  salt  from  a  0.5M  Nael  feed  and  80%  from  a  0.01M  feed 
at  2500  lbs.  n72.  These  membranes  produced  a  water  flux  of'betvieen 
3-.  ý  6x  10  -3  cm  hr-1  at-'.  The  same  workers  prepý.  red  a  strongly 
acidic  cation  exchanger  by  grafting  polystyrene  sulphonate  on  to 
cellophane.  This  gave  similar  salt  rejection  and  flow  rates  to 
those  above. 
Michaels  and  Bixler  have  reported  that  membranes  prepsred  by 
reacting  polyelectrollytes  based  on  styrene  sulphonate  and  vinyl- 
benzf-tritaethyl  ammonium  chloride 
(8)(9), 
rejected  501ý  salt 
from  a  0.7M  NaCl  solution  at  1500  lbs.  in-2.  This  membrane  provided 210. 
a  water  flux  Of  3.4  x  10-3  cm.  hr-1  at-'.  These  membranes 
were  0.0025  cm.  thick. 
(  10) 
Spiegler  has  measured  the  hyper-filtration  characteristics 
of  a  number  of  ion  exchange  membranes  and  reports  for  a  Pera  flux 
C-10  and  Nal-film-11  both  of  which  are  sulphonic  acid  cation 
exchangers,  rejection  of  19  and  9Uý  respectively  for  a  0.1011  Nat%l 
feedv  at  1000  lbs.  in-2.  The  water  flux  rates  of  these  membranes 
were  17  x  :  LO-3  and  0-4  x  10-3  cm.  hr-l.  at-1.  The  thicknesses 
were  0-075  and  0.015  cm-  respectively.  The  desalination 
characteristics  of  the  A.  M.  F.  C60  membranes  are  thus  very  similar 
to  those  exhibited  by  these  other  ion  ezchý-nge  membranes.  The 
degree  of  rejection  they  provide  and  their  flux  rates,  areq  if  anythinC, 
slightly  better  than  most.  Work  by  Reid, 
(  ")Breton(  12) 
and 
McKelvey 
(  13)  in  the  early  fifties  established  that  a  membrane 
__Cast 
from  cellulose  acetate  would  x-eiect  98%  or  more  o.  -, '  ialt  from 
salt  solutions  o4A.  '  salt  water  concentrations. 
Later  work  by  Loeb  14) 
and  Sourirajan 
(15  ) 
developed 
cellulose  acetate*membranes  of  greatly  enhanced  flow  by  casting 
the  membrane  from  solutions  containing  perchlorate  salts 
(usually  Mg(CIO 
4)2  and  heat  treating  the  cast  membrane  at 
.  -temperatures'of 
600  -  90  0  C.  -This  membrane  combines  the  two 
basic  requirements  for  a  reverse  osmosis  membrane  and  consequently 
a  great  deal  of  research  has  been  carried  out  on  all  aspects 
of  desalination  using  this  membrane 
16)  (  17  18  19 
(20  )  (2i  )  (22  )  (23  )(  24  )(  25 
The  basic  membrane  is  generally  about  100  p  thick.  The  active 
layer/ 211. 
layer)  which  is  responsible  for  the  salt  rejection,  isq  however, 
only  0.25,  u  thick.  At  the  normal  Work-ing.,  pressure  of 
1500  lbs.  in  -2 
,  the  Loeb-Sourirajan  membrane  gives  a  rejection 
of  between  90  -  98%  at  feed  concentration  of  up  to  LOM  NaCi 
and  a  flux  of  approximately  12  gal.  ft-2  day-'.  (i.  e.  0.02  cm. 
hr-1  at-'). 
In  these  very  high  flux  membranes  the  rejection  is  very 
sensitive  to  any  concentration  polarisation  at  the  membrane 
surface  (high  pressure  side)  which  may  be  created  by  inefficient 
flow  past  the  membrane.  -  Rejection  mayq  thereforeq  vary  from 
apparatus  to  apparatus. 
In  section  (6.1.4)  the  variation  in  both  -T  .  and  J. 
caused  by  compaction  of  the  C60  membranes  was  discussed.  Since 
compaction  is  also  a.  problem  in  cellulose  acetate,  membranes  - 
(14  )  (15  )  (26  ) 
it  is  difficult  to  compare  data  obtained  on  the 
C  60  membranes  at  400  lbs  in72  with  data  obtained  on  the  cellulose 
acetate  at  1500  Psi-  For  this  reason  celluloseacetate  membranes 
were  investigated  on  the  reverse  osmosis  sYstem  II. 
The  experimental  data  obtained  for  the  two  cellulose  acetate 
membranes  used  is  given  in  Table  (  7.6).  The  cellulose  acetate 
membranes  are  denoted  CA(80)  and  CA(85)-  The  bracketed  number 
denotes  the  temperature  of  Iýeat  treatment. 
The  effect  of  the  different  heat  treatments  on  rejection  was 
slight.  CA(80)  rejected  some  9VIo  of  the  salt  from  the  0-10y,  Nael 
feed  solution  at  400  lbs.  iri-2  I  whereas  CA(85)  rejected  94%  salt  at 
300  lbs  .  1,172.  / 212. 
300  lbs.  id  -2 
.  The  rejection  was  relatively  unaffected  by  the 
applied  pressure.  The  effect  of  the  different  temperatures  of 
preheat-treatment  was  more  pronounced  in  the  J 
IV  values  of  the  two 
membranes.  For  CA(80)  the  water  flu:  T  vras  16.3  x  10-3  ml.  cm-2.  min-1 
(0.048  cm.  hr-1  at-').  This  was  significantly  larger  than  the 
water  flux  of  10-58  x  10  -3  ml.  cm-2  min-'  (0.031  cm.  hr-l.  at-1) 
measured  for  CA(85)-  '  These  flux  rates  are  1-5  -  2.0  times  larger 
than  the  Loeb-Scouriraian  values.  They  are  considerably  larger 
than  the  flux  for  the  most  permeable  C  60  membrane,  although  not  quite 
an-order  of  magnitude.  The  C  60  membranesq  however,  have  a  thickness 
of  0.03  a7i.  whereas  the  cellulose  acetate  membranes  have  an  active 
layer  thickness  of  approximately  1000  times  thinner.  Equations 
(2-47)  and  (2-48)  can  be  dritten. 
j. 
t2lý 
(-6/Ul2) 
P2  d 
t3Kt 
2(-412)  t3(-4  3)1  +1  33(-4U  3) 
W  d. 
1\1 
71 
where  12)  and  31  are  the  signed  difference  in  chemical 
potential  of  both-salt  and  viater  across  the  membrane  and  Idx'  is 
the  thickness  of  the  membrane  in  cm. 
Therefore  both  the  flux  of  salt  and  water  are  inversely 
proportional  to  the  membrane  thickness.  The  concentration  of 
product  solutiony  -.,  hich  is  defined  by  thB  ratio  of  the  two  fluxes 
equation 
(  6-5),  is  however,  unaffected  by  the  thickness  of  the  membrane, 
only  the  rate  of  the  desalination  process  changes  with  thickness. 
If  the  C  60  membranes  were  cast  as  thin  films  with  a  thickness  of 
ca  3,  P  (i.  e;  100  times  thinner)  the  consequent  rejection  and'water 
flux  (at  400  lbs.  in72)  could  be  expected  to  be  in  the  region  of 
50-70%  and  0.03  -  0.30  ml.  cm-2  min7l  or  4.0  gal.  ft-2  dayý'lat_' 
(assuming,  -/ 213. 
(assuming.  the  membrane  molality  and  tortuosity  remained 
unchanged).  This  flux  rate  is  equivalent  to  some  40-400  gals. 
ft.  -2  day  -1  at  1500  lbs.  in  -2 
,  which  is  a  very  considerable  flow 
rate.  It  is  30  times  faster  than  the  Loeb-  Sourirajan  membranes 
and  more  than  an  order  of  magnitude  higher  than  the  Harwell  CA(80) 
and  CA  (85)- 
Therefore,  although  the  C  membranes  do  not  desalinate  60 
as  effectively  as  the  commercially  used  cellulose  acetate  mambranes, 
there  is  little  doubt  that  ion  exchange  membranes  of  this  general 
type  may  be  of  use  in  desalination,  if  used  as  thin  films. 
Since  Jw  is  a  function  of  molality,  tortuosity  and  thickness 
and  Cp  is  a  function  of  molality  and  is  independent  of  both 
tortuosity  and  thickness,  then  it  may  be  possible  by  manipulating 
these  properties  to  produce  a  membrane  which  would  perform  one 
specific  function.  This  might  be  accomplished  by  varying  the 
type  of  polymer  matrix,  the  packing  of  the  polymer  chains  and 
the  fixed  charge  capacity.  In  this  way  membranes  could  be 
produced  either  with  a  very  large  flow  rate-and  relatively  poor 
desalination  or  the  inverse,  a  high  desalination  and  low  flort  rate. 
The  membrane  could  then  be  sculptured  to  fit  a  particular  neý-ýd. 
I, 
- 
By  adding  ZrO 
2  to  the  Nael  feed  solution  which  vras  pushed 
(under  pressure)  through  a  porous  plate,  Kraus 
(26)  (27) 
produced 
dynamically  formed  ion  c,  -.  chz:.  nb-e  mem:  branesý  These  are  formed  by 
the  ZrO 
2  partially  blocking  the  porous  plate  and  acting  in  an 
equivalent  my  to  the  fi,  ýed  charge  of  an  ion  exchange  polymer. 
By  using  poly-electrolytes  rather  than  inorganic  electrolytes, 
thin  film  membranes  with  a  hif;  h  degree  of  close  packing  of  tho 
polyelectrolyte  might  be  obtained.  If  the  polyelectrolyte  -,,  as 
also  highly  charged  then  the  internal  molality  would  be  hiCh  and 
rejection  would  be  good.  The  water  flux.  'uOuld  depend  on  the --  _*-__ 
224. 
thinness  of  the  films  and  to  a  lesser  degree  on  the  tortuosity 
(which  would  be  high).  As  an  alternativel.  extretriely  high  fluxes 
miCht  be  obtained  for  low  charge  polymers  by  having  a  very  'loose' 
structured  membrane.  Although  poor  desalination  could  be  expected, 
membranes  of  this  type  could  be  of  use  to  desalinate  brackish  water 
(19000 
-  10,000  P.  P.  M.  dissolved  material)  and  also  could  be  used 
for  ultrafiltration.  Gregor 
(29) 
has  used  membranes  of  this  type 
for  colloid  separation.  Since  most  naturally  occurring  colloids 
are  negatively  charged  by-using  a  cation  exchange  membraneq 
successful  separation  is  effected  with  a  very  high  flow  rate 
without  fouling. 215. 
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7-1.  Pressure  Potential  and  Stre=injT  Potential  Measuremmts. 
In  a  reverse  osmosis  experiment  an  electrical  potential  is 
developed  between  the  concentrated.  feed  and  partially  desalinated 
product.  It  is  the  aim  of  this  section  to  reviow  the  published 
literature  in  this  field  and  to  examine  theoretically  how  this 
potential  m-ny  be  predicted  in  terms  of  accessible  membrane  parameteýrs. 
Usiným,  the  theory  of  irreversible  thermodynamics,  an  equation 
p 
describing  the  total  pressure  potential  developed  between  two 
reversible  electrodes  on  each  side  of  the  membrane  has  been 
derived,  equation  (2-52).  Few  if  any  approximations  have  been 
ma-de  and  the  equation  may  be  considered  riEorous.  It  depends 
upon  two  definite  assumptions.  The  first  is  fundamental  to  all 
applications  of  linear  theory,  nam-ely)  that  the  O.  R.  R.  are  obeyed. 
On  a  more  trivial  level  the  equation  as  written  Mawr  be  applied  and  .0 
used  to  predict  observed  potentialsif  the  chemical  potential  gradients 
across  the  rrier.  ibrane  are  linear.  This  test  is  trivial  from  a 
theoretical  point  of  view  since  non-linearity  in  chemical  potential 
gradients  could  be  allowed  for  by  suitable  integration  procedures 
across  the  membrane. 
Until  very  recently  there  were  very  few  reported  measurements 
of  streaming  potential  in  membranes.  Amongst  the  first  published 
data  vathoseo  f  Schmid  and  Schwartz 
(1)(2) 
who  measurod  the 
set  up  by  applying  very  low  pressures  (63  mm  Hg)  across 
a  collodion  membrane  which'separated  two  Kel  solutions  of  equal 
concentration  (2  x  10-4M  KL%1).  These  morkers  illustrated  the 
difficulty  of  obtaining  quantitative  measu=ements  of  streaming 
potential  by  a  direct  method.  Streaming  potential,  in  membranes, 
is  set  up  by  the  dis-,.  Iacement  of  the  counter-ionfran  the  fixed  .0 
charge/ 224. 
charge.  This  displacement  is  caused  by  the  coupling  between  the 
counter-ions  and  the  moving  pore  solution  (  under  an  applied 
pressure).  The  streaming  potentialq  thereforeq  contains  no 
contribution  from  any  concentration  differences  across  the  membrane. 
The  experimental  system  used  by  Schmid  and  Schwartz  might,  therefore, 
be  expected  to  provide  streaming  potentials.  Howeverg  since  the 
collodion  membrane  will  to  some  degree  act,  as  a  reverse  osmosis 
membraneq  a  concentration  gradient  across  the  membrane  will  be 
created.  A  diffusion  potential  willq  thereforeq  be  set  up  and  the 
measured  potential  will  contain  contributions.  from  it. 
Stewart  and  Graydon  3  )using 
a  series  of  sulphonic  acid 
exchangers  with  varied  fixed  charge  capacity  and  cross-linkins, 
measured  the  effect  on  the  diffusion  potential  (set  up  by  solutions 
of  0.05  and  0.311  on  either  side  of  the  membrane)  of  applying  pressures 
up  to  3  atmospheres.  Their  attempts  to  predict  the  change  in  the 
measured  potential,  which  they  attributed  to  the  streaming  potentialq 
was  again  made  difficult  by  the  concentration  potential  created  by  the 
permselective  membrane. 
By  employing  a  pressure  pulse  method  Brun  and  Vaula(4 
) 
determined  electro-osmotic  transport  numbers  of  phenol  sulphonic 
acid  formaldehyde  membranes  from  the  measured  streaminE;  potentials. 
-However,  the  values  of  the  cross  coefficients  Lp  and  the  hydrodynamic 
permeability,  cr-I  obtained  from  the  potential  measurementsdiffered 
considerably  from  the  values  obtained  by  direct  measurement.  The 
discrepancy  was  accounted  for  by  the  failure  of  the  equation  used 
to  describe  the  diffusion  potential  created  by  the  membrane. 
-In  early  work  Speigler 
(5 
reports  measuring.  the  streamiýng 
potentials  of  several  ion  exchanger6.  The  method  employed  was 
similar/ 225* 
I 
similar  to  that  used  in  this  work,  although  Speigler  used 
thermal  convection  and  not  a  flow  system  to  prevent  concentration 
polarization  at  the  membrane  surface.  He  initially  maintained 
identical  solutions  on  both  sides  of  the  membrane  and  high  pressures 
Of  UP  to  1,500  lb.  in  -2ý  were  applied.  Since  no  attempt  was  made 
to  separate  the  various  contributions  to  the  pressure  potential 
Speiglerg  in  fact2  measured  the  total  potential  change  with  pressure 
and  not,  the  true  streaming  potential. 
Thereforey  to  date  no  attempt  has  been  made  to  accurately 
measure  the  true  streaming  potential  across  an  ion  exchange  membrane. 
It  was  thus  an  integral  and  equally  challenging  part  of  this  work 
to  design,  construct  and  operate  a  high  pressure  apparatus  which 
was  suitable  for  such  precise  potentiometric  measurements. 
7.1-1-  The  Pressure  Potential  Equation 
In  section  (2,2.3)  the  pressure  potential  equation  was 
developed.  It  represents  the  potential  difference  between  two 
reversible  (Ag.  /Agcl)  electrodes  placed  one  on  each  side  of  a 
reverse  osmosis  membranes  The  conditions  are  those  of  the* 
steady  state  and  the  potential  is  thustime  invariant. 
The  final  equation  for  the  pressure  potential  is  given  below. 
I  RT  In  a3  oil 
RT  In  M"+  11 
P,  VVt-  '477  +I  E  :.  F 
(  Ag  -  Asel)  +3F  2t 
tot  ,-1  1.11  TTJ 
p  I^  I^ 
+F 
(tlV12  +  t3  V  3)  (2-52) 
IV 
where  E  ýjLp-&  t 
and  is  the  total  pressure  potential  across  the 
membrane  in  mV. 
VV  are  the  partial  molar  volumes  of  silver  and  silver  chloride  Ag'  A-Cl 
respectively  in  m3  mol-1  0 - 
226o 
P  is  the  pressure  difference  across  the  membraneg  i.  e.  the  applied 
0%  pressure.  "V"  has  units  of  volts. 
F  is  the  Faraday. 
R  is  the  gas  content  in  J,  K-1  Mol-l 
T  is  the  temperature  in  K 
RT 
F  has  units  of  volts* 
a3a31  are  the  activities  of  water  on  the  high  and  low 
sides  of  the  membrane. 
MsV  Ms'  are  the  molarities  and  activity  coefficients 
-of  electrolyte  on  the  high  and  lo,,.  7  pressure  side  of  the  membrane. 
J+J 
appear  in  equation  (2-52)  from  the  integration  13 
-ion  (2.2  of  the,  Hendersaiequationt  sect 
They  are  defined  as  t,  Z1111  +  ZlZ2121 
t3z11  13  +  Z2123 
For  a  finite  difference  in  concentration  across  the  membrane 
Jand 
t,  are  integral  transport  and  transference  numbers  respectively.  13 
If  the  O.  R.  R.  are  assumed  then  1  12  '=  1212  123  'ý  132  and  113  '--  131* 
Under  such  condition  the  integral  transport  and  transference 
numbers  are  equivalent 
concentration  gradient 
t 
t3 
to  those  determined  directly,  with  no 
s  across  the  membraneirpection  that  is 
D 
t1  and 
D 
t 
3 
This  is  also  the  case  in  solution  systems,  vis  a  vis  Hittorf  a*  nd 
concentration  cell  emf  transport  and  transference  numbers. I 
227. 
Terms  ".  II  and  III  of  equation  (2-52)  represent  the  potential 
across  the  membrane  with  P-  01  i.  e.  viith.  a  concentration  gradient 
alone.  These  two  terms  make  up  the  well  established  membrane 
diffusion  potential. 
Under  the  conditions  ofaC  =  0,  that  is,  no  concentration 
gradient  exisfio3across  the  membrane,  equation  (2-52)  reduces  to 
I  and  IV 
PV+t 
0F(  Ag  VAgel) 
+  (tlV12  3V3 
IV 
(2-52a) 
Term  Iis  the,  potential  set  up  by  the  effect  of  pressure  on  the 
volume  change  of  the  electrodes. 
Term  IV  comes  from  the  integration  of  the  Hendersonequation 
and  this  represents  the  effect  of  pressure  on  the  pore  soluticn 
-in 
the  membrane.  Thisý  by  definition,  is  the  true  membrane 
streaming  potential. 
In  section  (4..  1.21)  it  was  shown  that  for  an  electro-osroosis 
experiment  using  Ag/AgOll  electrodes,,  L  V,  the  change  in  volume 
per  Faraday  on  the  Cathodic  sidep  is  given  by  equation  (2.77) 
AV-t3V3+tIV 
12  +V  Ag 
+V 
Agol 
AV 
In  the  usual  terminoloZy  of  membrane  studies  the  volume 
change  per  coulomb  of  electricityg  is  equivalent  to  the  volume 
flow  per  area  of  membrane  per  unit  time,  JV2  divided  by  the  current 
density  12  so  that 
J%  t3V3t1V 
12 
V 
A9  -V  AgL1l  (4v-  IJV 
(7-1) 
F  AP=Ac=  0  Ap=ýP=  0=  -F  +  -F  + 
From  equation  (2-52a) 
tV+tVV,  V,  331  12  jig,  Agel  (7.2) 
=I=  0+F 228. 
Combinirig  equations  (7.1)  and  (7.2)  gives 
v 
-7  C=I=O  ý 
(I 
V) 
P=Ac=o 
which  are  the  Saxen  Relationship,  given  in  section  (22.3.2) 
Only  if  the  O.  R.  R.  hold  are  these  relationships  valid.  (The 
direct  transport  and  transference  numbers  will  be  referred  to  as 
tI  and  t3  unless  a  comparison  with  the  integral  values  is  being  mad  e.  ) 
Terms  I  and  IV9  therefore)  constitute  the  direct  pressure  contribution 
to  Eq  equation  (2-52).  'This'would 
be  the  pressure  potential 
tot  -I. 
measured  across  a  membrane,  where  no  concentration  gradient  was  created, 
either  as  a  condition  of  the  experiment  or  by  the  reverse  osmosis 
property  of  the  membrane.  Although  this  potential  was  defined 
by  Saxen  as  the  streaming  potential,  the  true  streaming  potential 
of  the  membrane  is  defined  by  term  IV  of  equation  (2-52) 
that  is 
P 
17  (tlV12  +t  ýV3) 
Streaming 
(7-3) 
The  streaming  potential  referred  to  in  this  work  will  be  that 
defined  by  equation 
7,  L2  The  Magnitude  of  ths  Individual  Terms,  And  Souces  of 
Thermodynamic  Data. 
From  ref 
(6) 
the  specific  gravity  and  molecular  weight  of 
silver  are  iO-5  g.  cm-3  and  107.88  g.  mol-1  respectively. 
From  the  same  source  these  properties  for  silver  chloride  are 
5-56  ff.  cm-3  and  143-34  E;.  mol-1  hence 
V 
Ag  =1.0.28  x  10  -6m3  mol-I 
-6  3  -1  V 
Agel  =  25-8  x  10  m  mol 
Term  Ip  therefore,  makes  a  negative  contribution  of  some  0.0163 
0  at.  -'  (-0.111  0/100  lbs.  in  -2) 
.  Thus,  althouCh  this  term  is 
small/ 229. 
small,  it  would  be  greater  than  1.0  mV  at  1000  lbs.  in  -2  and 
consequently  must  be  included  for  an  accurate  analysis,  especially 
if  the  pressure  and  streaming  potentials  are  small. 
In  term  IV  the  partial  molar  volume  of  salt  and  water, 
V 
12  and  V  3'  were  calculated  in  the  following  way. 
The  apparent  molar  volume  of  the  electrolyte  was  calculated 
from  the  expression. 
0.00s  rc 
vv 
(7-4) 
values  of  00  and  S  were  tcken  from 
78 
vv 
The  partiLl  malar  volume  was  determined  from  the  Ylasson 
equation 
(9) 
m 
J7 
v, 
V 
12  ýOv  +-  (7-5) 
2  -d  4-M 
Using  these  equations  a  value  of  17.61  x  10-6  m 
3. 
mol-l  was 
obtained  for  0.10M  Nacl. 
, 
Equations  (7-4)  (7-5)  were  used  to  evahjate  the  partial 
molar.  volumes  of  the  various  concentrations  of  desalinated  product 
solution. 
The  partial  molal  volume  of  water  was  taken  to  be  equivalent 
to  the  apparent  molar  volume  and  calculated  from  molecular 
weight  and  density  data  to  be  18-07  x  10-6  M3.  mol.  -l. 
The  electro  osmotic  transference  numbers,  tD,  were  measured  3 
for  each  membrane2  section  (4-1-11)  The  transport  number  of  counter- 
ion  tj  was  taken  to  be  0.998  for  the  normal  C  60  membranes  and  0.996 
(20  ) 
for  the  expanded  C  60  -membranes  For  the  XR  series  the  transport 
number  of  counter-ion  was  taken  to  be  unity. 
An  experimentally  determined  t,  value  was  not  required  for  each 
membrane  due  to  a  combination  of  two  factors. 
I  (l)/ 230. 
(1)  Past  work  by  Gardner  and  Paterson  on  the  C60  membrane, 
has  shovm  that  even  vrith  an  increase  in  the  external 
electrolyte  concentration  from  0.101'd  to  1.  OM  NaCl, 
which  increases  the  salt  uptake  of  the  membrane  from 
0.002-  0.090  M.  Mol.  cm-3,  tI  only.  changes  from  .  990  to  -951- 
(2)-Since  10  is  a  typical  value  of  t 
3'  the  contribution  from 
t^  to  the  calculated  streaming  potential  is  at  most  1V12 
some 
Therefore,  a  change  in  t1  of2  for  example2  5%  over  the  range  of 
C 
60  membranes  would  have  a  very  small  effect  on  the  calculated 
streaming  potential. 
As  V  and  V  have  similar  magnitudes  but  tt  term  IV  12  31  >>  3' 
, 
andp  thus,  the  streaming  potential  will  depend  almost.  entirely  on 
the  electro-osmotic  transference  number.  This  means  that  the 
true  streaming  potentialg  equation  (7-3)  depends  on  the  difference 
between  the  coupling  of  counter-ion  with  water2  and  co-ion  with 
watery  i.  e.  1  13  and  1  23" 
By  considering  only  t3v  3'  for  a  membrane  with  an  electro- 
osmotic  transport  number  of  10,  the  streaming  potential  would 
increase  by  approximately  0.20  at-'  (1-45  mv/100  lbs.  in-2). 
If  under  an  applied  pressure  gradient  the  membrane  i3 
permselective  and  rejects  salt  on  the  high  pressure  side  and 
allows  solvent  wat3r  to  rass  through,  the  contribution  from  the 
concentration  gradient  is,,  described  by  terms  II  and  III. 
RT  'a 
Term  119  t  Irv 
-Zý  describes  the  contribution  from  the  osmotic  a31 
pressure  set  up  across  the  membrane.  This  can  be  re-written  as 
I  AN  8  of  (IT  -  TT  where-rT  andTT  are  the  osmotic  pressures  of  the  V- 
-3 
product  and  feed  solutions.  Since  the  activity  of  water  in  the 
dilute  (low  pressure)  solution  will  be  greater  than  that  in  the 231. 
more  concentrated  feed  solution,  this  term  will  also  make.  a  negative 
contribution  to  the  total  pressure  potential.  Its  magnitude  will 
depend  on  t3  and  C 
P* 
Fig-  (7-1)  illustrates  that  term  II  (for  0.1014 
Nael)  is  small.  For  a  typical  ion  exchange)  with  at3  of  10  and 
a  rejection  of  5Cf%  this  contribution  will  amount  to  less  than 
0-5  MV-  The  water  activity  data  for  0.10M  NaCl,  were  obtained 
from  references 
(  10)(  ")* 
The  contribution  from  the  electrolyte  activities  in  the  high 
and  low  pressure  solutions  is  given  by 
m  it  Is 
2t  RT  In  s  1F  ji 
Figure  (7.2)_  shows  that  this  term  increases  with  increasing  rejection 
(decreasing  product  concentration)  and  makes  a  considerable 
contribution  to  the  total  pressure  potential.  For  examplep  at  a 
rejection  of  90,,,  o'  this  term  predicts  a  contribution  of  greater  than 
loo  mv  (t 
In  equation  (2.52)  this-term  wilJ2  therefore2  make  the 
largest  single  contribution  to  the  total  potential  measured 
(as  long  as  tI  r-  1)  and  will  thus  be  the  dominant  term. 
The  Measured  Pressure  Potentials  for"the  C 
0-  and  XR-170 
Itlembranes  in  0.10hi  liat!  l. 
Using  the  reverse  osmosis  system  IIý  total  pressure  potential 
measurements  were  made  across  a  number  of  membranes  and  values  of 
volume  flow  and  product  concentration  obtained  in  the  same 
experiment,  Equation  (2.52)  allowed  comparison  between  these 
measured  pressure  potentials  and  the  predicted  values. 
The  measured  pressure*potentials  for  the  range  of  C60  membranes 
at  applied  pressures  of  200  and  400  Ibs%in  -2  are  shown  in 
Tables  (7-1)  (7.2). 
The/ 232. 
The  dependence  of  the  observed  pressure  potentials  on  the 
applied  pressure  is  well  illustrated.  At  200  lbs.  in  -2  the  pressure 
pot.  ential  of  each  membrane  is  apprgximately  half  that  at  400  lbs.  in-2. 
For  both  applied'pressures  the  pressure  potential  decreases 
as  the  membrane  becomes  more  dilute  and  the  molality  thus  decreases. 
The  total  potential  decreases  from  ý7.64  mV,,  in  the  C  60  ith  the 
highest  molalityq  to  42.0  mV  in  the  membrane  with  the  lotest  internal 
molality.  The  variation  in  pressure  potential  with  total  membra.  ne 
molality  is  illustrated  in  Fig.  (7-3).  The  results  obtained  for 
the  C  membrane  (at  400  lbs.  in  -2  )  defined  a  smooth  curve  when  60 
plotted  against  the  internal  molali-&'-,  y  of  the  membrane. 
-The  measured  pressure  potentizas-obtained  for  the  three  XR  membranes 
0 
at  400  lbs.  in  -21  are  very  similar 
' 
in  magnitude  to  the  C  60  values.  Table  (7.3 
However,  at  200  lbs.  in-2  j  the  values  obtained  for  the  XR  membranes 
were  I&rger  th&n  those  for  the  C  60  membr;  -ýnes.  These  larger  values 
are  caused  by  a  larger  diffusion  potential  term.  The  XR  membranes 
did  not  exhibit  the  progressive  decrease  in  pressure  potential  with 
'h  200'and  400  lbs.  in  -2  the  pressure  decreasi.  nf;  molality.  At  bot 
potential  passed  through  a  maxima  at  membrane  XR-B. 
Equation  (2-52)  is  very  succeszful  in  predicting  the  pressure 
potentials  at  both  pressures  for  the  two  membrane  types  investigated 
and  the  excellent  aereement  establishes  the  validity  of  the  equation. 
.  -For  the  C  60  membranes,  at  400  lbs.  in72  the  maximum  deviation 
between  calculated  and  observed  pressure  potentials  occurs  for  the 
most  expanded  membrane,  and  is  2.15mv  in  a  measured  potential  o.  -0 
A 
42.0  mV.  This  is  anompusly  hie;  h.  Each  of  the  other  calculated 
values  agreesto  within 
t  1.0  mV  of  the  observed  pressure  poloentiale- 
and  the  majority  agree  to  better  than  ý  0-5  MV-  At  200  lbs.  in  -2 
the/ 233. 
the  agreemont  for  the  ranSe  of  C  60  membranes  is  +  1.0  mV.  For  the 
XR--membranes  the  agreement  between.  the  experimentally  observed  and 
calculated  pressure  potentials  was  not  quite  c-o  good.  At  both 
pressures  the  observed  polk-len 
Itial 
was  greater  than  the  calculated 
value. 
The  Individual  Contribution  to  the  PresBure  Potential. 
The  collective  negative  contribution  to  the  total  pressure 
-potentials  obtained  from  the  electrode,  term  I)  and  the  water 
osmotic  term  III  is  zmall.  This.  contribution  ranges  from 
approximately  1  mV  in  57.6  mV  to  '-  1.7  mV  in  42  mV  in  the  C  60 
membranes  at  400  lbs.  iri-2.  that  ioI  between  2-41/'j'  of  the  measured 
pressure  potential.  in  the  C  60  membranes  at  200  lbs.  in  -2  this 
contribution  is  a  maximum  ofýý  lmV  in  a  pressure  potential  of  21  mV. 
The  contribution  from  these  terms  is  of  similar  consequence  in  the 
three  XR  membranes  at  both  200  and  400  lbs,  in-2  7  Table  (7-3). 
As  predicted  by  equation  (2 
#1  .  52)  'he  contribution  from  term  III 
makes  the  largest  single  contribution  to  the  total  potential  measured. 
At  400  lbs.  in  -2  this  contribution  ranges  from  91%o  -  80ý  of  the 
measured  pressure  potential  in  the  XR  membrEnes,  and  91-70%  in  the 
C  60  rerico*  This  contribution  decreases  because  the  rejection 
achieved  by  the  membranes  becomes  less  -efficient  as  the  internal 
membrane  mol--lity  becomes  lower. 
The  contributions  fr=  term  IV  range  frOM  5-88  to  14-49  mV  for 
the  C60  membr-snesy  at  400  lbs.  in  -2 
1  and  from  5-8  to  9-74  at  this 
pressure  for  the  XR  series.  The  contribution  to  the  total  pressure 
potential  from  this  term  becomes  of  increasing  significance  as  the 
total  internal  molality  of  the  membrane.  decreases,  and  t  3'  consequentlY 234. 
becomes  larger.  'Indeed  for  the  most  expanded  C  60  membrane  (  lowest 
internal  molality)  the  contribution  from  term  IV  to  the  measured 
pressure  potential  is  31. 
Since  term  I  is  a  constant  at  a  defined  pressure,  and  the 
diffusion  potential  contyribution,  terms  (II  +  III),  decreases 
while  the  true  streaming  potential,  term  IV,  increases,  with  decreasing 
membrane  molality,  the  magnitude  of  the  measured  pressure  potential 
is  a  balance  between  these  two  opposing  trends,  Fig.  (7-3) 
7.1-3.2.  The  estimated  Streamirý7  Potential  for  the  C  60  and  XR 
kembranes  in  0.101d  NaL41. 
-Once  terms  I,  II  and  III  of-equation  (2-52)  are  evaluated  from 
the  appropriate  dataý  an  estimated  membrane  streaming  potential 
can  be  obtained  by  subtraction  of  these  three  terms  from  the 
observed  total  pressure  potential.  That  is 
Estimat6d  Streaming  Potential  =Et 
ln  a 
obs.  -  F(VAg  -  VAgcl 
Fa 
3 
RT  Ms 
LA  (7.6) 
F 
Table  (7-1)  sho-;.,.  s  that  the  streaming  potentials,  calculated 
from  term  IV  of  equation  (2-52),  are  in  relatively  C;  ood  agreement 
with  those  estimated  from  equation  (7.6)  above.  At  400  lbs.  in  -2 
the  agreement  for  the  C  60  membranes  was 
!  1.0  mV,  apart  from  the 
most  expanded  membrane,  vilhere  thecalculated  ztreamin3  potenti-I 
vas  2.2  mV  larger  than  the  estimated  .  At  200  lbs.  in  -2  the  agreement 
was 
!  1.3  MV.  -  For  the  X-R  series  the  agreement  was  less  satisfactory, 
the  measured  values  being  greater  thr-n  those  calculated.  At 
200  lbs.  in  -2  the  difference  was  some  1.3  mV,  thereas  at  400  lbs.  in  -2 
219.1 
,  it  was  a  maximum  of  3.9  mV  for  XR-C.  The  differences  between 
observed/ 235. 
observed  and  calculated  streaming  potentials  may,  to  some  degree, 
be  caused  by  slight  inaccuracies  in  the  estimate  of  CP.  Any 
error  in  the'  value  of  the  diffusion  potential  would  considerLbly 
ch.  L-nge  the  estimated  streaming  potential. 
7.2.  Pressure  and  Streaming  Potentials  in  0.0  511  CLe. 
11  2  for'a 
NormLl  and  ExDanded  C  60  11-embrane. 
As  final  proof  of  the  ability  of  equation  (2-52)  to  predict 
the  pressure  potential  which  i--  generated  in  a  reverse  osmosis  system, 
and  of  ito  ability  to  evaluate  each  contributiong  some  experimentation 
on  a  normal  (PS,  )  and  expanded  (PS,  )C 
60  membrane  w-ýs  carried  out 
in  0.05M  CaOl 
29  at  400  lbs.  in  -2  applied  pressure. 
Changing  the  counter-ion  to  the  divalent  calcium  ion  alters 
equation  (2-52).  This  became 
P  RT  In  ý: 
+  .3t 
LT  In  s  EFý  (V 
_V  wr  AS7  A,  -,  Cl)+  t377 
a21F  3 
2v  12  +t3v3 
The  partial  molar  volume  of  the  CaCl  2  was  calculated  from 
equations  (7-4)(7-5)--  Vater  activity  coefficient  and  salt  activity 
coefficients  were  obtained  from  reference 
10). 
The  measured  and  calculated  pressure  potentials  and  the  different 
.  contributiohs  are  shovm  in  Table 
The  pressure  potentials  of  both  normal  and  expanded  membrzý.  nes 
were  considerably  lo-wer  (some  3.5  -  4.0  times)  than  those  measured 
in  the  O.  IM  NaCl  solution.  The  main  reason  for  this  is  the  much 
smaller  diffusion  potentials  which  are  a  consequence  of  the 
poorer  rejection  (36  and  201%  respectively).  The  t,  values  for  the 
were  taken  as  0,989  and  normal  and  expanded  C  60  membrane  in  0-05  Cat'12 
(11 
0.982  respectively 
The  pressure  potentials  calculated  from  equation  (2.52)  are 
in  good  agreement  with  those  measured.  For  both  membranes 236. 
the  calculated  values  are  slightly  larger  than  those  observed. 
The  values  differ  by  1.3  mV  and  0.6  mV  respectively  in  the  norm.  al 
and  expanded  membranes. 
The  negative  contributions  from  terms  I  and  II  are  very  small 
being-0.64  mV  and  -0-58  mV  in  PS 
I  and  -PS  5  respectively.  Because 
of  the  small  concentration  gradients  and  relatively  small  t3q  the 
contribution  from  term  II  is  smallq  and  thus  the  electrode  correction, 
term  Iý  is  by  far  the  most  sigmificant  of  the  two. 
The  estimated  (true)  streaming  potentVials  are  smaller  than 
in  the  O.  lLI  NaIll  and  this  decrease  is  more  pronounced  in  the 
expanded-C  60  membrane. 
The  estimated  (true)  streaming  potentials  of  the  PS  and  PS  15 
are  plotted  against  total  internal  molality,  Fig.  (7.3).  Both  are 
below  the  line  defined  by  the  results  for  O.  IOIJ  Nael.  This 
suggests  th-t  the  reduction  in  streaming  potential  observed  in  the 
2+ 
Ca  form  is  a-consequence  of  not  only  the  reduced  internal 
molalityg  but  also  of  the  increased  association  of  the  divalent 
counter-ion  with  the  fixed  charge. 
The  streaming  potentials  calculated  from  term  IV  are  in  good 
agreement  with  those  estimated  (E 
obs.  -  (terr's  I+I,  +  I,,  )- 
For  both  normzl  and  expaýnded  membranes  the  calculated  value  is 
-approximately  1.0  mV  larger  than  the  observed. 
Equation  (2-52)y  thereforep  successfully  describes  the  pressure' 
potential,  and  the  various  contributions  to  the  pressure  potentialg 
for  theC  60  series  in  both  0.10M  ITael  and  0.0  5M  CaL%l 
2.  and  for  the 
XR-170  series  in  0.10M  Nael.  The  equation  allows  the  true  streaming 
potenti&ls  to  be  estimated  frcm,  the  observed  pressure  potential 
and  the  values  obtained  agreed  -Nell  with  those  calculated.  Since 
the  accuracy  of  term  IV  to  provide  streaming  potentials  is 
established/ 237. 
established,  by  using  the  S.  M.  C.  to  obtain  t3  value  (for  0.1M  NaL*l) 
the  true  streaming  potential  could  be  calculated  entirely  theoretically. 
Indeed  by  using  the  prediction  calculation  described  in  section  (6.1) 
the  pressure  potential  across  the  C  60  membranes  could  be  at  least 
qualitatively  established  by  a  completely  theoretical  method. 
Howevery  the  information  which  could  be  obtained  from  a  simple 
pressure  potential  value  is  limitedg  since  the  contribution  from 
the  individual  terms  varieswith  the  applied  pressure  and  molality  of 
the  membrane. 
7-3-1.  Determination  of  InteFral  Electro-Osmotic  Transference 
Numbers  from  the  Total  Pressure  Potential  Leasurements. 
, 
Once  the  desalinated  product  concentration  was  determined, 
by  equating  the  obseried(steady  state)  total  pressure  potential  of 
each-membraneýwith  equation  (2 
-  .  52)  values  of  the  integral  electro- 
I 
osmotic  transference  number  t3  were  obtainedg  Table 
'For  the  C  60  membranes  (at  400  lbs.  in  -2  in  0.10M  NaL*l)  the 
t3  values  were  in  good  agreement,  with  the  directly  obtained 
D 
electro-osmotic  transference  numbers,  t3  The  agreement  was 
especially  close  for  the  two  normal  membranes2  (PSl)  and  (PS3). 
I- 
The  t3  value  determined  for  the  most  expLnded  C  60  mewmbrane, 
P311,  deviated  most  from  the  value  obtained  directly.  However, 
the  former  was  much  closer  to  the  electro-osmotic  trancference 
number  predicted  from  the  S.  M.  C.  Table  (5-7  The  tI  value  3 
obtained  for  PS,  l  was  confirmed  by  the  experiments  conducted  at 
200  lbs.  in-2  I  as  was  the  tI  value  for  PS  The  tI  values  obtained  3  50  3 
for  the  other  C  60  membranes  at  this  pressure  varied  considerably  from 
the/ 238o 
the  integral  values  obtained  at  400  lbs.  in  -2  and  from  the  direct  electro-ý 
osmotic  transference  numbers. 
For  the  expanded  C  membrane  (PS  )  in  0-05  CaCl  the  tI  value  60  523 
of  10.19  was  in  good  agreement  with  the  value  of  11-93  obtained 
directly,  Table  (7-4).  However,  the  tI  value  of  6.6  obtained  3 
for  the  normal  C 
60  membrane  (PSl)  was  considerably  lower  than  the 
0 
tD  value  of  9-05o 
3 
For  the  XR-A  at  both-200  and  400  lbs.  in  -2  the  tI  values  are  in  good 
$3 
agreement.  The  average  of  these  two  values  is  idential  to  the  tD  3 
value.  However,  each  of  the  tI  values  for  the  other  XR  membranes  is  3 
in-poor  agreement  with  the  direct  electro-osmotic  transference 
numbers.  At  both  pressures  the  tI  values  are  considerably  larger  3 
than  the  tD  values.  However,  in  general,  this  indirect  method  3 
provides  an  alternative  procedure  for  the  determination  of-electro- 
.  osmotic  transference  numbers  which  could  be  used  with  confidence 
to  provide  t3  values  for  membranes  which  were  not  amenable  to 
investigation  by  the  direct  method.  - 
7.3.2.  Investigation  of  a  Pressure  Pulse  Method  for  determination 
of  Electro-O-Smotic  Transference  liumbers 
By  maintaining  0.10L  Nael  on  both  sides  of  the  membrane  at  the 
beginninS  of  an  experiment  and  applying  pressure  in  short  (20  seccnd 
0  -2  -2  )a  plot  ofL  E.  pulses  (of  50  or  )  lbs.  in  from  0-  400  lbs.  in  j 
againstA  P 
7aOs 
obtained  for  several  C  membranes. 
pulse 
If  it  is 
pulse  60 
assumed  that  the  initial  potential  jump  is  due  solely  to  the 
I 
pressure  terms  of  equation  (2-52)p  thEnt  3  may  be  estimated. 
That  is  AP 
'Ise  -Puý  -  L7(  tý  +tV+VV  pulse'.  -  F  1ý12  33  Ag  AgCl)* 
Thi 239* 
, 
This  assumption  assumes  that  on  the  time  scale  of  the  pres--ure  jump 
the  membrane  does  not  have  sufficient  time  to  establish  new  internal 
concentration  gradients  which  extend  to  the  low  pressure  side. 
Figures  (7-4)  (7-5)  show  examples  of  the  effect  of  pressure  pulses 
a.  cross  a  normal  (PSl)  and  expanded  (PS8)  membrane.  On  every 
occasion  the  pressure  pulse  method  was  employedy  the  electrode  response 
was  immediate.  The  potential  jumps  become  slightly  larger  towards 
the  end  of  the  pulse  experiment,  almost  certainly  because  in  the  time 
elapsed  between  the  first  pulse,  0-50  lbs.  in  -2  and  the  last,  - 
350  -  400  lbs.  in  -2 
9a  diffusion  potential  contribution  begins  to 
increase  the  potential  measured. 
%I 
Table  he  tI  values  obtained  by  the  presoure  pulse  (7-5)  shows  t3 
method  for  four  C  60  membranes. 
The  tI  values  obtained  for  PS  and  PS109  esrecially  the  latier,  31 
are  in  good  agreement  with  those  obtained  by  the  direct  method. 
However,  the  values  of  14-5  for  n2  and  32-3  for  PS8  are  in  poor 
agreement  with  the  direct  values.  They  are  considerably  larger 
than  the  electro-osmotic  transference  values  obtained  by  either 
of  the  other  methods. 
Thus  the  pressure  pulse  method  as  used  in  this  study  provides 
only  qualitative  estimates  of  the  electro-osnotic  transference 
number. 
It  mayp'however,  be  possible  to  obtain-accurate  tI  values  by  3 
this  method,  if.  very  small  pressure  pulses  are  applied  and  the 
potentials  dreatedare  amplified. 
It  can,  therefore,  be  concluded  from  the  evidence  o-.;  '  this  work 
that  the  pressure  pulse  method  provides  no  advantages  over  the 
direct  method  nor  over  the  indirect  methodof  section  (7-3,1-)- 240- 
7.4  Pressure  Potentials  and  Streaming  Potentials  Measured 
Across  Cellulose  Ac-etalte  kembranes. 
The  method  of  obtaining  tI  vafues  from  the  total  pressure  3 
potentials  (section  (7-3-1.  ))  would  be  especially  useful  for 
obtaining  information  on  membranes  of  the  cellulose  acetate  type. 
Since  these  membranes  have  a  porous  backing  layer  very  much 
thicker  than  the  active  layerg  in  a  direct  experiment  to  determine 
an  electro-oamotic  transference  number,  this  porous  supporting 
layer  will  cause  surface  concentration  polarization.  However,  in  the 
reverse  osmosis  cell  the  flow  of  desalinated  solution  through  the  porous 
backinS  layer  will  prevent  concentration  polarization.  Thus, 
the  concentration  gradient  across  the  membrane  can  be  identified 
and  equation  (2.52)  can  be  applied  to  the  cellulose  acetate  membrane. 
Although  there  is  an  enormous  amount  of  research  being  carried 
--out-on-the--reversc)  osmosis  characteristics  of  the  cellulose  acetate 
membrane)  to  datethe  reasons  for  salt  rejection  by  hyperfiltration 
membranes  of  this  type  are  not  fully  understood.  A  number  of 
thegries  explidning,  the-rejection  abilities-of  these  membranes  have 
been  expounded. 
1)  A  sieve  mechanism  which  is  an  obvious  (simple)  choice  of 
(12 
explanation  has  been  proposed  by  some  workers 
Howevery  the  removal  of  salt  from  water  is  unlikely  to  be 
caused  by  a  simply  steric  mechanizm  since  there  is  little 
substantial  difference  in  the  size  of  water  molecules  and  of 
inorganic  ions. 
2)  Several  workers 
(13)  (14) 
using  a  variation  of  the  sieve 
mechanism  have  related  desalimtion  to  a  decrease  in  the  salt 
concentration  in  the  surface  layer  of  solution  adjacent  to 
the/ 241. 
the  membrane.  This  they  propoze  is  caused  by  a  difference 
in  surface  tension  of  the  salt  solution  and  water.  Neither 
of  these  mechanism  has  been  particularly  successful  in 
explaining.  the  measured  properties  of  the  cellulose  acetate 
membrane. 
Until  recently  the  most  widely  held  theory  of  salt  rejection 
in  these  membranes  wýs  evolved  by  Reid 
(15)  (16)  (17)  and 
co-workers.  They  postulated  that  permeation  occurs  in  the 
non  crystalline  portions  of,  the  membrune  and  is  much  faster 
for  molecules  which  can  form  hydrogen  bonds  with  the  matrix. 
I 
Flow  is  Pictured  as  miaration  of  water  molecules  from  one 
hydrogen  bond  site  to  the  next  and  the  salt  is  rejected  since 
it  i--  incapable  of  forming  hydrogen  bonds  and  thus  p-rssing 
through  the  membrane.  The  carbonyl  groups  of  the  acetate 
matrix  can  be  thought  of  as  ordering  tha  water  into  a 
Quasi-Ice  Latticeý  in  the  membrane. 
Very  recently  work  by  Speigler  and  Kedem 
(  18  19  ) 
has 
suggested  that  in  cellulose  acetate  membranes  there  exists  a  small 
amount  of  fixed  charge  and  that  Donnan  exclusion  may  be  at  least 
a  contributory  mechanism  to  rejection  in  these  membranes. 
In  this  study  a  preliminary  investigation  on,  the  cellulose 
acetate  membrane  was  carried  out.  On  the  basis  of  the  succeszful 
results  obtained  for  the  ion  exchange  membranes  the  pressure  potential  Q 
was  measured  across  two  cellulose  acetate  membranes  at  various 
applied  pressures. 
Prom  the  potential  results  an  attempt.  was  made  to  establish  a  value 
Of  t  and  tI  by  equating  the  measured  pressure  potentials  with  3 
equation  (2-52). 
The/ 242. 
The  (true)  streaming  potential  vras  also  determined  and  compared 
with  Speigler's  value. 
The  results  for  the  two  cellulose  acetate  membranes  CA(80) 
and  CA(85)  are  shown  in  Table  (7.6).  At  each  pressure  the 
pressure  potential  for  CA(  85)  is  larger  than  that  for  CA(  80). 
At  both  200  and  400  lbs.  in  -2  the  pressure  potentials  for  CA(80) 
are  smaller  than  those  obtained  for  either  of  the  C  60  or  XR  membranes. 
The  rejection  and  thus.  the  concent  -ration  gradient  is  much 
larger  in  both  the  cellulose  acetate  membranes.  Since  the 
rejection  is  relatively  unaffected  by  the  pressure  appliedf  the 
diffusion  potential  for  both  membranes  in  the  limiting  case  of  tI  =11 
would  be  greater  than  100  mV  at  each  applied  pressure.  Therefore, 
from  experience  obtained  with  the  C 
60  membrane)  a  preliminary  conclusion 
is  that  the  relatively  small  pressure  potentials  are  caused  by 
a  combination  of  tI  being  considerably  less  than  unity  and  the  I 
electro-osmotic  toransport  number  being  large  and  negative. 
Both  the  pressu--e  potential  and  water  flux  of  CA(80)  and  CA(85) 
vary  proportionally  with  the  applied  pressure,  Fig.  (7.6)  (7-7) 
Bcýuation  (2-52)  can  be  solved  for  t  and  tI  at  each  applied  3 
pressure  for  both  membranes. 
For  CA*(80)  values  of  0.06  and  33.2  viere  obtained  for 
t  and  tI  respectively  and  for  CA(85)  the  respective  values  were  3 
0.11  and  22-5. 
The  effect  of  heating  the  cellulose  acetate  membranes  to  850C 
(rather  than  800C)  %ras  to  make  it  less  permeable  to  solvent  and 
by  analogy  with  the  C  60  membranes  this  'tighter'  membrane  would 
be  expected  to  have  the  smaller  -1. 
are  in  the  order  expected. 
Thus  the  t  values  estimated  3 
The/ 
I 243. 
The  t  values  obtained  are  very  difficult  to  interpret. 
.1 
3r  the  true  t1  values  in  the  cellulose  acetate  membranes  are 
0.06  and  0  .  11  then  the  respective  t2  values  must  be  0-94  and 
0.89.  This  implies  that  the  co-ion  is  the  more  mobile  species 
in  these  membranes.  If  this  is  true  then  the  streaming  potential 
would  be  expected  to  be  negative  as  would  the  electro-osmotic 
transference  numbers. 
The  streaming  potentials  obtained  are  very  similar  to  the 
values  determined  for  the  ion  exchange  membrLý,  nes  investigated, 
although  they  are  lower  than  the  0.91  to  1.17  mV  atm-l  reported 
by  Speigler  and.  linning  (obtained  in  0.5  and  0.01M  NaCi  solutions). 
pa  There  are  no  sources  of  comp  rison  for  the  electro-o--Mosis 
transference  numbers  obtained  for*the  cellulo"-e  acetate  membranes. 
However,  by  analogy  with  tho  C  60  membrane,  the  determined  values 
are  of  the  approximate  magnitude  expected. 
A  complete  explanation  cannot  bd  forthcominG  from  the  few 
measurements  mandes  but  tha  results  indicate  that  further  viork 
of  this  kind  on  this  membrane  might'be  fruitful. 244o 
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247.  ' TABLE  (7.5) 
B/ 
ýap  t3 
D 
t3 
Membrane  mv/100  lb--.  in72  (Estimated)  (Observed) 
PS  1  1.2  8.3  10-32 
PS  2 
2.00  14.5  11.00 
PS  8  4.30  32.3  16.61 
PSIO  2.70  20.0  20-57 
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APPMIX  (1) 
Effect  of  pressure  on  chemical  potential  of  Salt. 
The  chemical  potentiul  of  salt  can  be  written  for  a  1:  1  salt 
A  Pso  +  RT  ln  a+PV 
S  12 
2 
where  P  is  the  pressure  in  ým. 
p0  is  the  chemical  potential  of  salt  in  the  standard  state 
i.  e.  at  1  atmosphere. 
ar  aa  12 
+s2 
+) 
,, 
*,  in  as-2  log  Msx+ 
Then  JJ,  ý  pso  +2x2.303  RT  Log.  Ms+P  AV 
12 
for  0.101T  Nael  is  0.778 
A 
-6  3  v  12  for  0.101d  Nael  is  17.61  x  10  M  mol. 
Therefore  at  1.0  atmosphere  the  chemical  potential  of  salt  is 
4+1,15  j.  mole-1  Ps  =  Poo  -  1.3  x  10 
Therefore  an  applied  pressure  force  will  make  a  contribution 
of  some  0.013%  per  atmosphere  to  the  salt  chemical  potential, .%ý.  I  ý,  -WA 
257. 
Appendix  (2) 
Capacity  Determination 
Suppose  that  the  equilibrating  solution  has  a  volume  V  cm3 
a'concentration  c  m.  mol.  cm-3  and  a  specific  acitivity  x1  OPM/CM3. 
Then  the  total  activity  is  Vx 
1  cpm.  and  the  number  of  m.  moles 
of  the  ion  under  study  is  cV  m.  moles. 
Suppose  the  volume  of  the  membrane  is  V  cm3  and  the  concentration 
of  the  counter-ion  in  the  membrane  is  cV  m.  moles.  Thereforeg  the 
--total  number  of  m.  'moles  of  counter-ion  is  cV  + 
;ý 
The  fraction  of  the  counter-ion  in  the  solution  is  cv 
(cV  +  cv) 
Therefore2  the  fraction  of  total  activity  in  the  solution 
after  equilibration  is  cv 
(OV  +  cv) 
The  total  activity  in  the  solution  is  then 
cv  Vx 
cv  +  OV 
and  the  specific  activity  in  the  solution  is 
cv  -Vx  I  cv  X 
ev  +  cv 
V  i.  e.  cv  +  ;V 
but  the  specific  activity  of  the  solution  is  measured  as  x2 
thereforep 
x 
cv  Xi 
2 
cv  +  cv 
giving  cv 
"- 
1) 
c=-(x 
v2 
Thus  the  capacity  of  the  membrane  is  obtained. 255 
APPENDIX  (3) 
SULZIARY  OF  THE  PR3PF,?  TIES  OF_POLYP.  zN',  O  DELRIN 
Property  Value  Units 
Mechanical 
Tensile  strength  101000  lbs  in-2 
Flexural  Strength  l4tOOO  lbs.  in  -2 
Thermal 
Melting  Point  175  OC 
Flammability  Slow  burning 
Coefficient  of  Thermal"  0.20  -kca:  l/m.  hr.  oc 
conductivity 
Electrical 
Dielectric  Strength  Short  Term  16  kV/mm. 
0-5  mm  (0.02  in)  thick 
Volume  Resistivity  10  obm/cm 
Chemical 
Resistant  to  Solvents  ,  weak  acids  and 
alkalis,  lubricating  oils 
and  greases 
Not  resistant  to 
Miscellaneous 
Specific  Gravity 
I 
Strong  acids  and  alkalis, 
oxidising  agents 
1.4-1-42 
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APMTDIX  ( 
Proof  that  specific  conductivity  is  independent  of  frame 
of  reference. 
Consider  a  pair  or  arbitrary  reference  frames  R  and  S 
the  relation  between  the  flovx  of  the  ith  constituent  is 
(j 
i)R  ý 
(i  ds  +Uiu  SR 
(A.  4) 
where  is  the  concentration  in  mole  cm-3  and  U 
sr 
is  the 
velocity  of  frame  S  with  respect  to  frý-.  me  R  in  cm.  sec.  -1 
Now  (I). 
R  =zi  (i 
i)R 
(I)s  -  zi(ji)s 
Substitution  of  equation  (A-4  )  in  the  (I)R  expression 
yields 
Zi(ji)S  ""  USR  Zi5i  ýý  (I)R 
because  the  U 
sr 
term  vanishes.  ovring  to  electro  neutrality, 
because  S  and  R  were  arbitraryt  1  is  independent  of  reference 
-dV 
frame.  Since  IK 
dx 
KR  Ks 
and  specific  conductivity  is  reference  frame  independent 260. 
1,?  I'I-:  iDIX  (I 
To  calculate  original  concentration  from  dilute  solution  (Nael) 
C  is  the  concentration  obtained  for  dilute  solution  whose 
conductance  was  measured. 
1.002165  +  0.019765  C,  +  0.0002006  C2 
m2m1xC1 
oample)  We  mx  58-4428  x  (vrt.  of  dilute  s 
1000  +  -(m2  x  58-4428) 
VIg  x  1000 
mf 
concentrated  solution  Wg)  58-4428  x  (%Yt.  of 
2 
C2  0.99783  -  0.019529  M3+0.00039066  M3 
M  xC  C32 
original 261. 
APPEMIX  (6) 
SOLVENT  FIXED  MOBILITY  CO  ý  =.  ICI!  dTTS, 
Starting  from  equations  2.3 
T  0-  =tiix1  (2-3  ) 
and  2.13 
40  (2.13) 
>  oixi 
i=l 
-er  equation  can  either  be  used  to  eliminate  X  from  equation  the  latt  4 
- 
(2.3)  and  so  give  the  phenomenological  equations  appropriate  to  the 
membrane  fixed  frame  of  reference. 
(i 
1 
C, 
i 
c  4  iX+  11  1  IX+I  12  2  13X3 
(A.  6.1a) 
4 
2 
02 
j4 
0 
1X  21  1+  122X2  +  12ýX3  (A.  6.1b) 
4 
3 
ý, 
1 
4)  0 
1X+  31  1  1  32  X2=1  33X3 
(A.  6.1c) 
4  . 
or  alterna  tively  eliminate  X3  and  give  the  solvent  fixed  phenomenological 
equations 
(1 
01 
1)= 
c  3 
LX+ 
11  1 
LX+ 
12  2 
LX 
14  4 
(A.  6.2a) 
3 
(1 
2 
02 
j)= 
0  3 
L21  x1+  L 
22X2  +  L 
24ý4 
(A.  6.2b) 
3 
(i 
4  -c  3) 
L4lX1  +  L 
42X2  'ý  L44X4  (A.  6.2c) 
3 
If  X3  is  elinated  from  equations(A.  6.  la  c.  )using  equation--2-13,  and 
the  terms  collected?  they  may  be  rewritten 
I 262. 
j)ý  (1  1121x41X  (A.  6-3a)  4  11  -  13)  Xl  +  (112  --  13  2  --  13  4  4c3c3c3 
C2 
j 
cl 
x+  (i 
C2 
1x 
C4 
1x  (A.  6.3b)  2c  4)  =  (121 
-  c-221  1  22  -c  23  2-0  23  4  4333 
'03 
j 
C, 
1 
0_2 
1c  (i 
-)= 
(I  )X  +  (1  :  Ax  (A.  6-3c) 
3c44  31  -c3  33  1  32  -c3  33)  X2  13303*4 
These  equations  may  be  made  formally  identical  to  equatiorls(A.  6.2a-c)by 
subtracting 
Cl 
x  equation  A.  6.3c.  from  equation  A.  6.3a,  subtracting  0 
c23 
cx  equation  A.  6-3c  from  equation  A.  6.  ý3b  and  finally  multiplying  equati  on 
A.  6-3c  all  through  by  - 
c4 
c  3* 
By  equating  coefficients  in  these  resultant  equations  with  those  of 
equations  A-3.2a-c  the  following  expressions  for  L  coefficients  in 
terms  of  1  coefficients  are  obtained. 
L 
2 
1  2. 
'01 
1+ 
cl- 
c  2  33  13 
(A.  6-4) 
c  3 
L  12 
cccc 
121111a, 
12  0  13  -  -c  23  +2  33  (A-6-5.  ) 
33c3 
L22 
2 
22 
02  133  122 
c 
123'  4'  -2  (A.  6.6) 
303 
L  14 
'010'4 
1 
c4 
1  2  33  0  13 
(A.  6-7) 
c  3 
L 
24 
C2'04 
1 
c4  123 
2  33  c 
(A.  6.8.  ) 
3 
L44  c2 -4  1 
33  ;c  (A.  6.9)  7 263. 
Similarly' 
r0 
cl 
)  -I  L+-L6.10)  C.  0  c4  14 
02 
44 
Lc2LcLc1c2L 
12  12  4 
14  c4  24  +2  44 
2 
c2c 
1  22  ýL  22 
2  I￿> 
c4  24  c4  14 
1  L24 
23 
02 
L44  -c4 
1  33 
fý  L  44  2 
4 
I 
"  "; 